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1 GENERAL INTRODUCTION 
On the 37 t r i meeting of the "Verein fur sudwestdeutsche 
Irrenartzte" in Tubingen on the 3·"Λ and 4 t n of November in 1906 
the german psychiatrist Alois Alzheimer from Munich presented a 
lecture entitled "Über eine eigenartige Erkrankung der 
Hirnrinde": the case of a 51 year old woman who showed a broad 
spectrum of psychopathologie symptoms, the first of which were 
paranoic delusions. In the course of the diseabe the 
deterioration of this woman's cognitive functioning ("allgemeine 
Verblödung"), resulting in a complete state of amnesia, apraxia 
and agnosia , became more and more outstanding. After a 4
ι κ 7 
years duration of the illness the patient died in a state of 
complete deterioration ("völlig stumpf"). 
At autopsy the brain of this patient macroscopically showed 
a regular atrophy with no macroscopic foci and an artenosclens 
of the greater vessels. Microscopic examination of the 
Bielschowski-stamed sections of the neocortex showed "a very 
peculiar transformation of the neuroiilamenLs" within the nerve 
cells, eventually resulting in cell-death, and replacement of the 
nerve cell by a "curled up bundle of filaments". Although the 
origin of this pathological change of neurofilaments remained 
unclear, Alzheimer suggested that this mtracellulary change, now 
known as "neurofibrillary tangle" (NFT), was due to disease-
transformed neurofilaments with deposition of a morbid product of 
neuronal metabolism (Alzheimer, 1907). 
Alzheimer would probably not have had the slightest idea 
that this case history, the first publication of which was only 
the title of the lecture (Alzheimer, 1906), was the beginning of 
the gigantic investigation effort that has been performed 
everywhere in the world, up to now, into every possible aspect of 
the disease that, after the nosology of Kraepelin (1910), is now 
known as Alzheimer's disease (AD), or, when the onset of the 
disease is after the age of 65 years, senile dementia of the 
Alzheimer type (SDAT). 
The aim of the general introduction of this thesis is to 
give some data obtained in epidemiologic research, as well as to 
report some of the hypotheses on the pathogenesis of the disease. 
Before focussing on the latter issue, the criteria for the 
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clinical diagnosis of "probable Alzheimer's disease" and the 
neuropathologic diagnosis of Alzheimer's disease will be 
discussed. 
1.1 EPIDEMIOLOGY OF ALZHEIMER'S DISEASE 
One of the reasons of the ever-growing research effort into 
Alzheimer's disease is the fact that in the developed as well as 
in the less developed countries there is an increase of the 
elderly population compared to the younger. Epidemiological 
studies have shown that, although other factors have been 
mentioned, age is the most important risk factor for acquiring 
Alzheimer's disease. With the doubling of the population of the 
very old within one generation, this would mean that there is 
coming an epidemic of dementia and, since more than 50% of the 
dementias is caused by Alzheimer's disease, of Alzheimer's 
disease (Henderson, 1986). 
Apart from the human drama that is behind every single case 
of this dreadful disease which eventually "evaporates" the human 
personality, there is also an economic aspect linked to it. A 
reasonable estimate for the dutch population is that 5% of the 
people of 65 years of age and older suffers from a severe form of 
dementia, a total of 80.000-100.000 people (Schulte, 1989), 
whereas at present in the nursing homes in the Netherlands there 
are only about 50.000 beds available, 20.000 of which are 
reserved for psychogeriatric patients. The nursing costs in the 
nursing homes amount to Hfl. 200,= a day at present. It is 
estimated that with the same quality of care, in the year 2000, a 
total 61.200 beds, 25.000 of which for the psychogeriatric 
patients, are needed in the nursing homes (Schrijvers, 1989). 
Furthermore, in ten years from now, the population of people of 
65 years and older will be increased with 20% and the group of 85 
years and older, with a prevalence of severe dementia of about 
20%, will be increased with 40% (Henderson, 1986)! There is no 
need to further illustrate the enormous extra economic burden, 
which will be more in the order of billions than of millions of 
guilders, this increase will place on the community to nurse 
these severely demented people. 
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1.2 DIAGNOSIS OF ALZHEIMER'S DISFASE 
The original definition of Alzheimer's disease was based on 
the pathologic lesions that were found in microscopical 
examination of brain tissue. This neuropathologic confirmation is 
still needed for the definitive diagnosis of Alzheimer's disease 
(McKhann et al., 1984; Khachaturian, 198Ь; Tierney et al., 1988). 
The clinical criteria for the diagnosis of Alzheimer's disease 
include insidious onset and progressive impairment of memory and 
other cognitive functions with an intact consciousness. There are 
no motor, sensory or coordination deficits early in the disease 
(McKhann et al., 1984). On clinical grounds the diagnosis of 
Alzheimer's disease can be established with an accuracy of 81%-
88% (Tierney et al., 1988). It should be emphasized that clinical 
criteria can only establish the diagnosis of probable Alzheimer's 
disease, and that it is very important to exclude systemic 
disorders or other brain diseases that in and of themselves could 
account for the progressive deficits in memory and cognition and 
some of which are reversible. The diagnosis of definite 
Alzheimer's disease is a neuropathologic one, and is based on the 
presence of neurofibrillary tangles and senile plaques in the 
neocortex and on the exclusion of other causes of organic 
dementia (Khachaturian, 1985). In a clinicopathologic study of 57 
cases, however, it turned out that the criterion of the presence 
of plaques and tangles in the hippocampus regardless of 
neocortical findings, showed the highest agreement rate with the 
clinical diagnosis compared to findings in both the hippocampus 
and the neocortex, or in the neocortex alone (Tierney, 1988). The 
invariable and serious involvement of the hippocampus in the 
disease was also recognized by Ball et al. (1985), who even 
proposed another name for Alzheimer's disease viz. "hippocampal 
dementia". 
1.3 HYPOTHESES ON THE ETIOLOGY OF ALZHEIMER'S DISEASE 
Since the original report of Alzheimer, many hypotheses on 
the etiology of the disease have been proposed. These theories 
include: genetic factors, neurotoxic and/or infectious agents 
spread through the brain by axonal transport, blood-brain barrier 
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defects, defects of brain protein metabolism, neurotransmitter 
and receptor deficiencies, the aging process, lack of trophic 
factors and perhaps some other factors not mentioned here. None 
of these factors, however, has proven to be the cause of AD, 
although some of the issues mentioned could be ruled out with a 
high degree of probability as playing a causal role in the 
disease. Moreover, as yet no satisfactory experimental animal 
model could be developed for the disease, nor any definitive, 
noninvasive specific diagnostic test, neither any curative 
therapy. New insights into the disease process which have 
recently been reported allow some optimism for the future as 
regards the development of a specific diagnostic test and the 
deciphering of the underlying pathobiology of the disease 
process (Glenner, 1989). In the following paragraphs some of the 
theories mentioned above will be briefly commented upon, without 
striving for a complete overview nor for profound elaboration. 
1.4 INFECTIOUS AGENTS 
The hypothesis that AD is caused by an infectious agent is 
based upon the observation that a fibrillar protein termed 
"prion", the alleged causal agent of the Creutzfeldt-Jakob 
disease (a transmissable form of dementia), has the 
ultrastructural characteristics of amyloid fibrils which are also 
found in the neuropathology of AD (see later on). This suggested 
a relationship between Creutzfeldt-Jakob disease and AD 
(Prusiner, 1984). The amino acid sequence of the amyloid fibrils 
in AD, however, turned out to be quite different from that of the 
"prion", rendering a chemical identity between these two types of 
dementia very unlikely (Glenner & Wong, 1984). However, this does 
not exclude that AD could be caused by a different, as yet 
unidentified agent, although there is no convincing evidence that 
this disease has ever been transmitted (Corsellis, 1986). 
Another candidate for the possible infectious cause of AD is the 
herpes simplex virus (HSV) type 1 by means of the reactivation of 
a dormant HSV infection. Several arguments have been mentioned to 
support this hypothesis, i.e. the anatomical similarity of the 
areas of greatest damage in herpes simplex encephalitis and AD 
(Hooper & Vogel, 1976), the occasional detection of HSV-specific 
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antigen in brains from subjects with AD (Esiri, 1982), and the 
presence of NFT in herpes simplex encephalitis (Krücke, i960). In 
a review on this topic, Esiri (1988) concluûes that the possible 
role for HSV in the etiology of AD is inconclusive, but that it 
is too early to dismiss this feasibility. 
1.5 NEUROTOXIC AGENTS 
Aluminum neurotoxicity has been mentioned as a possible 
cause of AD (Crapper et al., 1973). This suggestion is based upon 
the observations that in AD there are elevated aluminum 
concentrations in the DNA containing structures of the nucleus, 
the protein parts of the neurofibrillary tangle, the amyloid 
cores of the senile plaque, and cerebral ferntine (for review, 
see: Crapper s, McLachlan, 1986). In aluminum treated rabbits, 
however, neuntic plaques, as in AD, do not occur; and the 
neurofibrillary tangles induced occur extensively throughout the 
spinal cord, a place where in AD NFT's cannot be found 
(Wismewski et al., 1980, 1982). The lack of Alzheimer-type 
lesions in patients suffering from aluminum intoxication 
("dialysis dementia"), and an absence of increased incidence of 
AD in aluminum factory workers (Glenner, 1983), indicate that the 
localization of aluminum to tangles and plaques is a secondary 
phenomenon (Glenner, 1989). 
1.6 DYSFUNCTION OF THE BLOOD-BRAIN BARRIER 
The hypothesis of a possible primary pathogenetic role in AD 
of a defect of the blood-brain barrier (BBB) was based upon the 
observation that plasma proteins were present in neurons and 
glial cells of cases with Alzheimer's disease but not in age-
matched controls (Wismewski & Kozlowski, 1982). The defect in 
the BBB would according to this hypothesis account for the 
leakage of serum proteins or neurotoxic factors, contributing to 
amyloid deposition m the walls of meningeal and cortical vessels 
(congophilic angiopathy), and in senile plaques in the gray 
matter (e.g. Hardy et al., 1986; Wismewski et al., 1986). There 
is recent evidence, however, that there are also large numbers of 
serum protein containing neurons and astrocytes in nondemented 
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controls (Alafuzoff et al., 1987; Rozemuller et al., 1988). On 
the basis of these findings the authors last mentioned concluded 
that no convincing evidence has been found as yet for a primary 
BBB dysfunction in AD. 
1.7 NEUROTRANSMITTER AND RECEPTOR DEFICIENCIES, NEUROTRANSMITTER 
CYTOTOXICITY 
A wide variety of transmitter deficiencies have been 
reported in AD. Much attention has been focussed on the 
acetylcholine deficiency, upon which the "cholinergic hypothesis" 
(Drachman, 1974) is based: the neuronal degeneration in AD is 
caused by a primary degeneration of the cholinergic nucleus 
basalis of Meynert. In its commonest form the cholinergic 
hypothesis states that loss of cholinergic function causes or 
contributes to some of the intellectual impairments particularly 
the memory deficits of AD (Bartus et al, 1982; Coyle et al, 1983; 
Collerton, 1986; Perry, 1986) More than a decade after its 
formulation, however, the cholinergic hypothesis is still subject 
to critical evaluation. For instance, the cholinergic deficit is 
unlikely to be specific to AD, regarding the many diverse 
disorders associated with cortical cholinergic degeneration 
and/or reductions in neuron numbers in the nucleus basalis of 
Meynert: Parkinson's disease, Parkinson's disease with dementia, 
Parkinsonism-dementia of Guam, Down's syndrome, dementia 
pugulistica, and Korsakoff's psychosis (reviewed by Perry, 1986), 
moreover, the cholinergic hypothesis -still depends on effective 
therapy for its ultimate validation, and, finally, the pattern of 
memory failure induced in normal people by scopolamine (which 
blocks cholinergic muscarinic receptor sites) is said to be 
distinct from that seen in AD (Beatty et al, 1986). 
Deficiencies in other neurotransmiLLcr-specifled neuronal 
systems have also been reported. The monoaminergic (dopamine, 
norepinephrine, serotonin) nuclei in the brainstem all have been 
reported to show reduced levels of their respective 
neurotransmitters (reviewed by Rossor & Iversen, 1986). 
Ammo acids, which are presumed to play a role in cortical 
neurotransmission, such as the (inhibtory) t-aminobutyric acid 
(GABA), the (excitatory) glutamate and aspartate, have also been 
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reported to be reduced in AD (Rossor & Iversen, 1986; Bowen et 
al., 1987). In the hippocampus there is a high degree of 
correspondence between the anatomical localization of plaques and 
tangles and the course and terminals of proposed glutamate 
pathways (Hyman et al., 1987). It has also been shown that the 
excitatory amino acids have neurotoxic properties and can also 
induce the formation of paired helical filaments in human nerve 
cells :n tissue culture (De Boni et al., 1985). Finally, in AD a 
decrease of glutamate receptors up to 90% in the stratum 
pyramidale (of CAD of the hippocampus was recently reported 
(Maragos et al., 1987). These findings support a possible 
connection between glutamate and the pathology of AD. 
Of the many neuropeptides which have been examined in AD, 
somatostatme is the only one to show a consistent reduction, 
which is greatest in the temporal cortex (Davies et al., 1980). 
However, the functional significance of most of the neuropeptides 
remains unclear (Rossor & Iversen, 1986). 
Although neurotransmitter deficiencies and neurotransmitter 
cytotoxity may be important m the clinical manifestations and in 
a part of the genesis of the neuropathology in AD, there is a 
growing consensus in the literature that the neurotransmitter 
and neuroreceptor deficiencies in AD are the result rather than 
the cause of cell damage and cell death (Glenner, 1989). 
1.8 GENETIC FACTORS 
Epidemiologic investigations carried out as early as 1952 
indicated already that a familial component exists in AD (Sjogren 
et al., 1952). This finding was more recently confirmed m other 
investigations, some of which were done on a few exceptionally 
large pedigrees among whom AD occurs in two or more generations, 
in which it was additionally found that the familial form of AD 
(FAD) is inherited as an autosomal dominant disorder with an age-
dependent penetrance and a relatively early onset (Goudsmit et 
al., 1981; Nee et al., 1983; Huff et al., 1988). The estimated 
fraction of the autosomal dominant form of AD is 15%-50%. It is 
more difficult to determine whether AD of late onset also has 
hereditary aspects or whether this form of AD has environmental, 
or infectious (or combined) causes. It is further of interest 
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that the FAD and amyloid protein (AP) (see next paragraph) genes 
are located on the human chromosome 21 (Goldgaber et al., 1987), 
and that all individuals with trisomy 21 (Down's Syndrome) over 
the age of 40 develop the brain lesions and neuropathology 
characteristic of AD (Whalley, 1982). Furthermore, a higher 
incidence of DS occurs in FAD families (Heston et al., 1981). 
These findings gave rise to the thought that the FAD gene and the 
AP gene might be identical. However, it has been recently shown 
by various research groups that the genetic defect in IAD does 
not have the same locus as the primary defect causing the 
aberrant AP production (e.g Tanzi et al., 1987), so that AD might 
be caused by a gene elsewhere, and that AD may represent a 
heterogeneous class of disorders with similar phenotypic 
expression. 
1.9 DEPOSITION OF ABNORMAL PROTF.TNS 
With the application of the techniques of molecular biology, 
the determination of the structure of some of the components of 
the most prominent nouropathological determinants in AD have led 
to the conclusion that AD is a form of cerebral amyloidosis 
(Glenner, 1983). The predominant component of the amyloid plaque 
core is a 6-10 run proteinous filament consisting ot :dentical 
subunits that display a ß-pleated sheet configuration (Kirschner 
et al., 1986) As yet, two integral components of the amyloid 
deposits have been identified. In 1984 (Glenner & Wong) and 198b 
(Masters et al.) a 42 amino acid peptide the amyloid p-peptide 
or the A4 amyloid protein - was isolated from the 
cerebrovascular amyloid in AD brains, and from a neuritic plaque 
core protein, respectively. This peptide turned out to be the 
derivative from a larger precursor protein, the (i-amyloid protein 
precursor (PAPP), containing 695 amino acids, and resembling a 
cell surface receptor (Rang et al., 1987). The gene encoding for 
this protein is highly conserved m evolution and can be found in 
many species of the animal kingdom, suggesting a critical 
function for this protein in the normal brain (Tanzi et al., 
1989). Within the brain, the expression of the βΆΡΡ gene is 
predominantly evident in large neurons e.g. pyramidal cells 
(Bahnmanyar et al. 1987). The proposed physiological functions of 
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βΑΡΡ in the brain are twofold: 1) the establishment and/or 
maintenance of connections between nerve cells wherein βΆΡΡ acts 
as an intercellular adhesion molecule that makes direct 
connections between neurons; 2) the maintenance of neuronal 
growth or survival (reviewed by Marx, 1989), this indicates a 
rather more physiological than pathological role of the βΑΡΡ 
protein in Alzheimer's disease (Pericak-Vance et al, 1988). 
However, the production of different forms of βΆΡΡ have been 
reported, one of which containing a peptide sequence of 56 amino 
acids that is homologous with a group of protease inhibitors 
(Kitaguchi et al, 1988; Ponte et al, 1988; Tanzi et al, 1988). 
Which form of the βΑΡΡ eventually gives rise to the amyloid β-
peptide deposition is not clear as yet. There are several 
possibilities: either the βΑΡΡ containing the protease inhibitor 
might prevent amyloid deposition by inhibiting specific proteases 
capable of releasing the ß-peptide, or it might accelerate 
amyloid formation by preventing specific proteases from clearing 
the ß-peptide. Thus, it is crucial for an understanding of AD 
pathogenesis which form of βΑΡΡ gives rise to the deposition of 
amyloid fibrils (Tanzi et al., 1989). The possible role of 
protease inhibitors in the genesis of amyloid deposits is further 
illustrated by the finding that the protease inhibitor =1-
antichymotrypsine is very tightly associated with the amyloid 
filaments (Abraham et al. 1988). 
The intraneuronal neurofibrillary tangles comprise lOnm 
filaments which, due to their appearance, are termed paired 
helical filaments (PHF) (Kidd, 1963). It is still not certain 
which protein actually is involved in the PHF composition: the A4 
protein (Masters, 1985; Hyman, 1989), proteins originating from 
the cytoskeleton of degenerating neurons (the so called "tau" 
proteins) (Woods et al., 1986), or ubiquitin (a protein which is 
a general characteristic of neurodegeneration) (Mori, 1987). 
In conclusion, the protein depositions in AD are likely to 
be the result of a disequilibrium between the production of 
(abnormal) proteins and the clearance oí these protein deposits 
by proteolytic cleavage. 
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1.10 THE NEUROANATOMICAL PERSPECTIVE ON ALZHEIMER'S DISEASE 
The neuropathological markers of AD can be found in many 
areas of the brain. These features seem to be distributed 
according to distinct rather than diffuse patterns. For instance, 
numerous cortical areas are heavily affected, whereas most 
subcortical areas seem to escape the pathological process 
entirely. The distribution pattern of these markers even within 
the highly affected areas often show a marked selectivity as 
regards cells or cell groups: certain cell groups are almost 
completely ravaged, while their immediate neighbours appear to be 
largely spared (e.g. Hyman et al., 1984). The growing knowledge 
about the connectivity of the homologues of these affected cell 
groups in non-human primates (see chapter 2 of this thesis) has 
made it possible to define these cell groups with regards to 
their connections. This knowledge in its turn, opened the 
possibility to consider the feasability whether AD spreads 
through these connections (e.g. Pearson et al., 1985; Saper et 
al. , 1987), by means of an as yet unknown toxic or infectious 
agent (above), or by means of the lack of trophic stimuli 
transported through these connections (Appel, 1981; Gajdusek, 
1985). Finally, it became possible to view cautiously the 
behavioral and cognitive changes seen in AD in terms of neuronal 
networks, and in terms of the cell groups integrated by these 
networks (Van Hoesen & Damasio, 1987). 
Looking more closely at the pathology in the cortex, 
including the hippocampal formation, most of the neurofibrillary 
tangles appear to be in the pyramidal neurons (Pearson et al., 
1985), which are the cells of origin of the long association 
systems of the cortico-cortical connections that link the various 
association areas of the hemisphere among themselves, and 
eventually with the hippocampal formation and the parahippocampal 
cortices (Van Hoesen & Damasio, 1987). On the other hand, the 
neuritic plaques affect the terminal parts of axons (Tomlinson & 
Corsellis, 1984), so that the more diffuse distribution of this 
marker within the cortex, including the areas of interest in the 
present study, as reported by various authors is not surprising. 
If indeed the pathological process "spreads out" over the 
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cortical mantle and, in a lesser degree, to subcortical 
structures, a logical question that arises is: "where does it 
start?". One clue could be the quantity of pathological markers 
that can be found in the affected areas in AD. The structures 
that exhibit the largest quantities of pathology in AD (as well 
as in normal aging) would then also be the initial sites of the 
pathological process. In many studies it turned out that in AD 
these structures are hippocampus and the parahippocampal cortices 
i.e. the entorhinal cortex, and, in a lesser degree, the amygdala 
and the olfactory pathways (e.g. Hooper & Vogel, 1976; Pearson et 
al, 1985; Mann et al., 1988). In normal aging, NFT's and SP's are 
most likely to occur at greatest density within the the amygdala 
and hippocampus, rather than neocortex, nucleus basalis or 
olfactory bulbs and tracts (Mann et al., 1987). Regarding this 
evidence, Van Hoesen & Damasio (1987) concluded that the single 
early focus of AD resides in the parahippocampal gyrus and the 
hippocampal formation, and that the isolated, early changes in 
memory, which are characteristic for the early phase of the 
disease, are the cognitive counterpart to this pathological 
center. 
Based upon the observation that the olfactory regions are 
heavily involved in AD Pearson et al. (1985) proposed the 
hypothesis that the olfactory projection is the site of initial 
involvement in A.D., spreading out to involve Lhe hippocampal 
formation and the association areas of bhe neocortex through the 
corticocortical pathways. This notion was supported by the 
finding that olfactory dysfunction is consistently present in 
patients clinically diagnosed as having probable Alzheimer's 
disease in a mild to moderately severe form (Doty et al., 1987). 
The neurons in the olfactory epithelium are unique in two 
manners: they are the only cells in the nervous system that are 
exposed directly to the outer world, and they are the only 
neurons known to proliferate throughout adult life. Recently, 
unusual neurite masses in the nasal epithelium of AD patients 
were found, popsibly analogous to the neurites around plaques, 
and possibly reflecting an abnormally induced proliferative 
response, of unknown cause (Talamo et al., 1989). This might 
support the above theory as proposed by Pearson, and it might 
open the way for both an early diagnosis of AD (since the nasal 
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epithelium is relatively easy accessible for biopsy), and for 
research on living nerve cells for the study on AD as well. 
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2 THE HIPPOCAMPAL FORMATION. AIM OF THE STUDY 
2.1 GROSS ANATOMY OF THE HIPPOCAMPUS 
In this section a description of the gross anatomy of the 
main constituents of the hippocampus will be provided. 
In the rostrocaudal direction the hippocampus can be 
subdivided into three parts : the pre- supra- and 
retrocommissural hippocampus (Stephan, 1975). These names refer 
to their position with respect to the corpus callosum. In man, 
when one speaks of "the" hippocampus, it is common use that only 
the retrocommissural part, or hippocampus sensu stricto (Cassell 
& Brown,1984) is indicated, because there is embryological 
evidence that the other hippocampal parts never differentiate 
into any recognisable hippocampal cell type (Macchi,1951). In 
this study, the term hippocampus also refers only to the 
retrocommissural part. Furthermore, the difference between the 
terms "hippocampus" and "hippocampal formation" should be 
mentioned. Nowadays, with the term "hippocampus", or 
"hippocampus proper" only the "cornu anmionis" (Ammon's horn), 
with its different cytoarchitectonic subfields (CA1-CA4), as 
described by borente de No (1934), is indicated. The term 
"hippocampal formation" also includes the dentate gyrus or 
fascia dentata as well as the subiculum, including the 
prosubiculum (Rosene & Van Hoesen,1987). A more detailed 
description of the (light-)microscopic structure of these areas 
will be provided later in this study. 
The precommissural hippocampus consists of a narrow, 
vertically orientated structure situated in the caudal part of 
the area subcallosa, just rostral to the septum verum. It is 
continuous with the supracallosal indusium gnseum, which extends 
along the whole length of the corpus callosum (Nieuwenhuys et 
al. , 1988) 
The hippocampus (sensu stricto) is located in the medial 
part of the temporal lobe, extending from the amygdala to the 
splemum of the corpus callosum, and protrudes into the inferior 
horn of the lateral ventricle of which it forms part of the 
floor, the over-all length of the retrocommissural hippocampus 
approximates 5 cm. (Peele,1961). The hippocampus sensu stricto 
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1 stria longitudinalis medialis 
2 stria longitudinalis lateralis 
3 corpus callosum 
4 fornix 
5 taenia fornix 
6 gyrus fasciolaris 
7 gyri A. Retzii 
8 hippocampus praecomissuralis 
9 gyrus dentatus 
10 alveus hippocampi 
11 fimbria hippocampi 
12 cornu aitmonis 
13 digitationes hippocampi 
14 gyrus cinguli 
15 splenium corpus callosum 
16 stria longitudinalis medialis 
17 indusium griseum 
18 stria longitudinalis lateralis 
19 gyrus fasciolaris 
20 fasciola cinerea 
21 gyri A. Retzii 
22 cornu amonis 
23 subiculum 
24 gyrus dentatus 
25 sulcus hippocampi 
26 sulcus fimbrio-dentata 
27 fimbria hippocampi 
28 gyrus intralimbicus 
29 limbus Giacomini 
30 sulcus hippocampi 
31 gyrus uncinatus 
32 pes hippocampi 
- hippocampus supracoimissuralis 
hippocampus retrocomissuralis 
Fig. 2.1: Dissection showing the hippocampus and some related structures in oblique view from behind and 
above. (From Nieuwenhuys et al. 1988, with permission of the author.) 
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can be subdivided into three parts: an anterior part or head, a 
middle part or body, and a posterior part or tail (Duvernoy, 
1988). 
The anterior end (head) of the hippocampus is expanded to 
form the "pes hippocampi". It represents a dorsal recurvation of 
the hippocampus and it constitutes a rounded swelling on the 
medial surface of the hemisphere which is known as the uncus. The 
uncus is the anterior segment of the parahippocampal gyrus, 
separated from the latter by the uncal sulcus. The Pes hippocampi 
represents about one third of the length of the hippocampus 
(Gertz, 1972; Cassell & Brown, 1984). At the ventricular surface 
of the pes, several convolutions or "digitationes hippocampi" can 
be seen, sagittally oriented and separated by small but definite 
sulci (Klingler, 1948), under the surface of which the tissue of 
Ammon's horn is found. The number of these convolutions varies 
from one to five, but in the majority of cases (89,4%) there are 
two or three (Gertz, 1972). Moreover intra-individual differences 
between left and right in this number are common. Gertz found a 
difference in number of digitationes hippocampi in 35% of 67 
examined brains, moreover Gertz found no preference in the number 
of "digitationes hippocampi" for one side or the other (Gertz, 
1972). Although in other brain areas anatomical asymmetries might 
be the substrate of functional asymmetries (language for 
instance), this remains the question for structural differences 
in the human hippocampus. 
The hippocampal body can be subdivided into an 
intraventricular or deep part, and an extraventricular or 
superficial part. The convex ventricular surface of the 
hippocampus is covered with ependyma, beneath which lies a thin 
layer of white matter called the alveus. The alveus consists of 
nerve fibres that originate in the hippocampus and that converge 
medially to form a bundle called the fimbria, the medial border 
of the hippocampal body (Duvernoy, 1988). The fimbria is 
directed posteriorly and dorsally and continues into the body of 
the fornix which arches upwards and medially under the splenium 
of the corpus callosum. The lateral border of the hippocampal 
body is the narrow collateral eminence which marks the 
intraventricular protrusion of cortex of the collateral sulcus 
(Duvernoy, 1988). 
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The extraventricular or superficial part of the hippocampal 
body is limited to the dentate gyrus, and the hippocampal sulcus. 
The dentate gyrus or fascia dentata is a narrow, notched band of 
gray matter that lies between the fimbria and the gyrus 
parahippocampalis. It accompanies the hippocampus throughout its 
length, and constitutes the most medial strip of the cortical 
mantle (or: pallium). The superficial part of the gyrus dentatus 
is the margo denticulatus, rounded protrusions which form the 
dentés of the gyrus, the middle ones (of the total of 
approximately 15) of which are largest. The margo denticulatus is 
bordered inferiorly by the hippocampal sulcus which separates 
that structure from the adjacent subiculum. Rostrally the fascia 
dentata is continuous with the "limbus Giacomini" which covers 
part of the medial surface of the uncus. 
The intraventricular part of the hippocampal tail has the 
same structure as the intraventricular part of its body. It is 
flanked medially by the fimbria, and laterally by the collateral 
trigone. Caudaliy, the convexity of the hippocampus reaches a 
marked protrusion, the calcar avis. Caudaliy, the gyrus dentatus 
is continuous with the flattened fasciola cinerea, or gyrus 
fasciolaris, a structure which arcuates caudaliy and dorsally and 
runs closely adjacent to the caudal external surface of the 
splenium of the corpus callosum. The gyrus fasciolaris 
occasionally shows small elevations on its posterior surface, and 
these are referred to as the gyri of Anders Retzius. The entire 
extraventricular hippocampal tail is sometimes referred to as the 
"gyrus subsplenialis" (Gastaut & Lammers, 1961). 
Two very important constituents of the hippocampal 
formation, Ammon's horn (cornu ammonis) and the subiculum, are 
located directly adjacent to the fascia dentata, orientated in a 
longitudinal direction as well. The subiculum is broadest at its 
anterior extremity where it spreads over a large part of the 
uncinate gyrus. In the posterior direction the subiculum shows a 
continuously narrowing down. After having attained the ridge of 
the corpus callosum, it is reduced to a small band of cells 
accompanying the remnant of Ammon's horn (Braak, 1980). 
Rostrally these two structures are adjacent to the amygdala. 
Caudaliy they appear to be continuous with the indusium griseum 
(Cassell fc Brown, 1984). These archicortical structures (i.e. 
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Ammon's horn, and subiculum) are laterally delineated by the 
periarchicortical presubicular region and the entorhinal cortex 
(Stephan, 1975). 
The presubiculum is a small and elongated region which 
borders laterally on the subiculum and medially on either the 
entorhinal region or the perirhinal cortex. It accompanies the 
hippocampus further in the direction of the corpus callosum than 
does the entorhinal cortex. A remarkable feature of the surface 
of this area is the substantia reticularis alba (reticular white 
matter) of Arnold (1851), which covers the area near the 
presubicular region. In this area the surface of the brain does 
not have the usual gray appearance of the telencephalic cortex 
but is covered with a narrow band of white matter with a 
reticular appearance (Gastaut & Lammers, 1961). According to 
Koelliker (1896) this white matter represents the outer layer of 
the presubicular region. 
The entorhinal region spreads over both the gyrus ambiëns 
and a considerable part of the parahippocampal gyrus. The surface 
of the parahippocampal gyrus is characterized by macroscopically 
detectable small wart-like elevations with superficial grooves in 
between, the so called Verrucae parahippocampalis (Verrucae gyri 
hippocampi of Retzius). They do not occur in other parts of the 
brain. By some authors these warts are considered artificial post 
mortem changes, but they appear to be confined to this particular 
area. 
2.2 STRUCTURE AND MICROSCOPIC ANATOMY OF THE HIPPOCAMPAL 
FORMATION, THE PRE- AND PARASUBICULUM AND OF THE ENTORHINAL 
CORTEX 
2.2.1 Introduct ion 
As also will be pointed out in the section on the history of 
the terms hippocampus and cornu ammonis, it was Ramon Y Cajal who 
gave the first detailed description of the hippocampus in his 
study "The structure of Ammon's Horn"(l893), which is a classical 
paper, illustrated by the fact that it was re-published in 1968 
and that it is often quoted in the current literature on the 
hippocampus. It was about forty years later that Lorente de No in 
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1934 published his also classical paper "Continuation of the 
study of the Amnionic System", in which the subdivision of the 
hippocampus (proper) in CA1-CÎA4 was given. This subdivision is 
still accepted nowadays, sometimes with some modifications, by 
many authors (e.g. Braak, 1980; Cassell b Brown, 1984; Zola 
Morgan et. al., 1986; Rosene ь Van Hoesen, 1987; Seress, 1988; 
and others), and it will also be used in this study. In this 
chapter a general description of the strucLure of the hippocampus 
will be provided. Then, a short survey will be given of the 
different subdivisions of the hippocampus, including the 
presubiculum and of the entorhinal cortex that have been proposed 
by various authors. Finally, a description of the microscopic 
anatomy of the main cellular layer(s) of the following parts of 
the allocortex (from medial to lateral) will be given: fascia 
dentata, CA4-CA1, subiculum, presubiculum, and the entorhinal 
cortex. In section 2.7 (fig. 2.11: 1-9), an atlas of the 
hippocampal formation, depicting cross sections of the structure 
from the rostral to the caudal portion of the retrocommissural 
part, is provided. 
2.2.2 Structure of the hippocampus 
A transverse section through the layers of the hippocampus 
is schematically shown in fig. 2.2. The hippocampus is bilaminar: 
the two laminae, i.e. the cornu ammonis and the fascia dentata, 
are in the transverse direction interlocked in a U-shaped manner. 
In early development the two layers are continuous, but perhaps 
due to asymmetry of development between the two structures, the 
fascia dentata becomes concave and seems to slip beneath the 
medial end of the cornu ammonis, ending in the earlier mentioned 
configuration. Starting from the ventricular surface of the 
hippocampus proper (cornu ammonis), Ammon's horn can be divided 
into six sublayers: the alveus, stratum oriens, stratum 
pyramidale, stratum radiatum, stratum lacunosum and stratum 
moleculare. The strata radiatum, lacunosum and moleculare are 
usually considered together and referred to as the molecular 
zone. 
The alveus covers the intraventricular surface and contains 
axons of hippocampal and subicular neurons; these mainly 
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efferent fibers enter the fimbria. The alveus also contains 
afferent fibers coming largely from the septal area. 
The stratum oriens is mainly composed of scattered nervous 
cells (basket cells) and it is crossed by the axons of the 
pyramidal neurons. In man, the stratum oriens is blended with the 
underlying stratum pyramidale so that its border with the latter 
is somewhat vague. 
The stratum pyramidale is the most conspicuous layer of the 
hippocampus and contains the pyramidal neurons, i.e. the main 
element of the cornu ammonis. In this study, most attention will 
be focussed on this layer. 
The stratum radiatum consists mainly of apical dendrites 
from pyramidal neurons, the parallel arrangement of which gives 
this layer a striated appearance. 
The stratum lacunosum contains numerous axonal fasciculi 
parallel to the surface of the cornu ammonis formed mainly of 
fibers from the perforant pathway and the Schaffer collaterals 
(fibers from CA3 to CAI). 
The stratum moleculare contains few interneurons. It 
contains the original arborizations of apical dendrites of 
pyramidal neurons, in contact with collaterals of perforant 
fibers. Thus, pyramidal neurons have dendrites in all layers of 
the cornu ammonis and their dendrites receive a great deal of 
information. 
In structure the gyrus dentatus is simpler than that of the 
cornu ammonis. The three layers are clearly visible: the stratum 
moleculare, the stratum granulosum and the polymorphic layer. The 
thick stratum moleculare is adjacent to that of the cornu 
ammonis. Its external two thirds receive fibers of the perforant 
path, whereas the inner third, in contact with the stratum 
granulosum, is occupied by terminations of the dentate gyrus 
association pathway, a longitudinal (with respect to the long 
axis of the hippocampus) association pathway originating in CA4, 
the existence of which in the monkey brain has been shown by 
Rosene & Van Hoesen (1987). The stratum granulosum , the most 
conspicuous layer of the dentate gyrus, contains somata of 
granular neurons which are rounded, small and densely packed, 
making the layer easy to distinguish. Their axons are "mossy"and 
traverse the polymorphic layer to CA4 and CA3. The polymorphic or 
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plexiform layer unites the granular layer to CA4 and is traversed 
by axons of granular neurons. 
2.2.3 Different subdivisions of the hippocampal formation by 
various authors 
The main subdivision of the hippocampal formation in fascia 
dentata, cornu ammonis and subiculum is quite old and can already 
be found in Cajal's work (1893). Later, further subdivisions of 
these basic portions have been proposed, of which those for the 
fascia dentata were least-, and for Ammon's horn were most 
detailed. (See also table 1A and IB) 
2.2.3.1 Fascia dentata 
The fascia dentata is commonly considered a unity and only 
sometimes divided into an inner and an outer part (with respect 
to the sulcus hippocampi). 
2.2.3.2 Cornu ammonis 
Cajal subdivided Ammon's horn into a superior region (close 
to the subiculum) and an inferior region (close to the fascia 
dentata). 
Lorente de No gave a more detailed classification of the 
cornu ammonis on the basis of cytoarchitectonic properties: from 
CAI to CA4, of which CA2 and CA3 are mostly referred to as CA2/3 
because in routinely stained material (e.g. Nissl , KlUver-
Barrera) they are difficult to delineate. Compared to the 
classification of Cajal, CAI corresponds with the regio 
superior, and. CA2/3 and CA4 with the regio inferior. 
Another classification, mainly based on cytoarchitectonic 
methods used in different species including man,was introduced by 
Vogt and Vogt (1919). They divided the cornu ammonis into three 
(hl-h3) and later into four parts (hi, h2a and h2b, h3), each of 
which was further split up into a total of 14 subfields. J.E. 
Rose (1940) came to a similar classification of 14 subfields. 
M. Rose (1927) proposed five different subfields (hl-h5) for the 
human cornu ammonis that was similar to the two latter 
classifications mentioned, except for a slightly different 
indication of the different subfields. 
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Blackstad (1956) followed Cajal with the subdivision of 
ammon's horn in a regio superior and -inferior, but called the 
fascia dentata and CA4 together the area dentata. 
In the ventral area of the hippocampus, there where it has 
direct contact with the periamygdalar cortex, Stephan (1975) 
distinguishes an area that does not fit into the CA1-CA4 
subdivision. It is situated between the hippocampus and the 
periamygdalar cortex. In lower mammals it strongly resembles the 
CAI area, to which (in man) it is adjacent. Stephan therefore 
designates this area is CAO. Rosene and Van Hoesen (1987) 
indicate it as Hippocampal Amygdaloid Transition Arca (H.A.T.A.). 
Between the Η.Α.Τ.Ά. (CAO) and the CA2/3 subfield, at the most 
rostral levels of the hippocampal formation, there is a 
dorsomedial subfield which is in the topographic location of CAI. 
This area also shows some properLies of CAI but there are also 
some cytoarchitectonic and connectional differences with the CAI 
area. Because of these differences, i.e. the somewhat smaller 
and more densely packed neurons and the projection of its neurons 
to the amygdala, this subfield is also known as CAI' (Ropene & 
Van Hoesen, 1987; Saunders et al., 1988). 
A separate mention should be dedicated to Sommer (1880), who 
examined the brains of patients who had suffered from epilepsy. 
In one case Sommer noticed a discrete region of marked cell-loss 
in sections of the hippocampus. Since at that time (1880) there 
was no established nomenclature of the hippocampus, he described 
the area of destruction as "a sector of an ellipse superimposed 
over the coronal section of the hippocampus". This area of 
Ammon's horn closely approximates field CAI and is still 
sometimes designated as "Sommer's sector". 
2.2.3.3 Subiculum 
The main issue in the discussion about how to subdivide the 
subiculum has been the delineation of the transition between CAI 
and the subiculum. This area is also called the prosubiculum. 
Suffice it to say that in the present study the prosubiculum and 
the subiculum together will be considered as a single area, thus 
following most authors with the exception of Lorente de No, who 
defined a prosubiculum of considerable magnitude and with several 
subdivisions. The borderline between CAI and the (pro-(subiculum, 
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however, correspends with that of borente de No (1934), and 
Stephan (1975). In the definition of the outer border of the 
subiculum, Stephan (1975) and Blackstad (1956) will be followed 
who, unlike Lorente de No, consider the subiculum as not having a 
granular layer, or more precisely, islets of granular cells that 
characterize the beginning of the presubiculum. 
2.2.3.4 Presubiculum 
The term "presubiculum" was introduced by Ramon y Cajal 
(1903, 1909) and is now generally accepted. Because of the 
predominance of small nerve cells, the presubiculum is denoted as 
"parvocellular cortex" or "granular allocortex". Other names used 
by different authors are: "Cortex of the fissura hippocampi" 
(Campbell, 1905); fields 27a, 27b, and 48 (Brodmann, 1908, 1909); 
field lambda? (Vogt & Vogt, 1919); fields HD1, HD2, HD3,and in 
part HC (Von Economo 5- Koskinas, 1925); fields Prsub.l and Prsub2 
(Rose, 1927, 1935); Presubiculum, Parasubiculum, and 
Perisubiculum (Sgonina, 1938); Presubiculum sensu stricto, 
Parasubiculum and Transsubiculum (with a further subdivision into 
IH') subfieids) (Braak, 1978) 
2.2.3.5 Entorhinal region 
In the literature there is no consensus of opinion about how 
to define this area. With this term a number oí structures is 
indicated which together are known as "periarchicortex", and 
which are situated between the hippocampus and the isocortex. 
The main common characteristic of these structures is the 
occurrence of bright, relatively cell-free zones m the cortex 
layers. Because of this, Rose (1926, 1927) gave the name 
"Schizocortex" to this area. The main part of the schi/ocortex is 
the entorhinal cortex (Brodmann's area 28). It is an expansive 
field of periallocortex that dominates the anterior part of the 
parahippocampal gyrus. A narrow lateral transition zone, 
adjacent to the isocortex was named "Perirhinal area" (area 35) 
by Brodmann (1908, 1909), which was confirmed by other authors on 
the basis of the fiber connections of this particular area (Jones 
5. Powell,1970; Van Hoesen & Pandya, 1973). Other authors, 
however, do not recognize the perirhinal area as a separate 
entity and define the entorhinal area as part of the entorhinal 
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cortex (Braak, 1972; Filomonoff, 1947). Furthermore, Braak 
subdivides the human entorhinal cortex into 16 (!) subfields, 11 
of which are purely allocortical, whereas the remaining parts are 
a mixture of alio- and isocortical layers (Braak, 1972, 1980). 
Considering the foregoing, Stephan (1975) concludes that "the 
perirhinal area is a separate field with respect to the 
entorhinal area, but it is within the entorhinal region. Both are 
characterized by a similar lamination pattern". The perirhinal 
cortex extends further caudally along the parahippocampal gyrus 
than does the entorhinal cortex. In the present study, the 
entorhinal- and perirhinal area will be considered separately. 
The following subdivision will be used: 
Regio Entorhinalis 
Area Entorhinalis 
Pars Lateralis 
Pars Medialis 
Area Perirhinalis 
(In which the perirhinal area is considered the part of the 
entorhinal region that is caudal to the uncal part of the 
entorhinal area, thus occupying a part of the parahippocampal 
gyrus.) 
With respect to the number and the nomenclature of the 
layers of the entorhinal region, borente de No and Stephan will 
be followed. In the same way as in the rest of the allocortical 
areas, the layers will be indicated as "stratum" and 
"substratum", instead of "lamina" and "sublamina" (as in the 
isocortex); the numbers of the layers will be Arabic instead of 
Roman (as in the isocortex) (fig.2.3): 
1): Stratum Moleculare 
2): stratum Stellare 
3): stratum Pyramidale with substratum dissecans (3diss.) 
4): stratum Magnocellulare with substratum dissecans (4diss.) 
5): stratum Parvocellulare 
6): Stratum Multiforme 
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Myeloarchitectonic (left) and cytoarchitectonic (right) representation of the entorhinal cortex. Note the 
conspicuous islets of the large stellate neurons, the main origin of the perforant path, in the stratum 
stellare (2) (from: Sgonina, 1938; Stephan, 1975). Numbers: 
1; Stratum Moleculare 
2: Stratum Stellare 
3: Stratum Pyramidale 
3diss; Substratum Dissecans 
4: Stratum Magnoceilulare 
4di5s: Substratum Dissecans 
5: Stratum Parvocellulare 
6: Stratum Multiforme 
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2.2.4 General cytoarcíiitectonic characterization of the 
hippocampal, subicular and entorhinal subfields 
2.2.4.1 Fascia dentata (fig. 2.4.a) 
In Nissl- and KlUver-Barrera stains the fascia dentata is 
recognizable macroscopically with the unaided eye as a darkly 
stained, narrow curvilinear band. Microscopically its main 
constituents are small granular neurons. These elements are 
tightly packed together and form a clear-cut band. The granule 
cells have an apical tuft of dendrites that form together a 
distinct superficial molecular layer. The region deep to the 
granule cell layer is referred to as the hilus of the dentate 
gyrus (CA4) and encloses two distinct groups of cells. The first 
group is found immediately below the granular cell layer and is a 
discontinuous layer of polymorphic neurons. In man it forms a 
distinct band. The second group of cells is constituted by the 
"modified pyramidal cells". 
2.2.4.2 CA4 (fig. 2.4.b) 
Cytoarchitectonically, the CA4 subfield, in the hilus of 
the fascia dentata, is dominated by the earlier mentioned 
modified pyramidal cells which show no layering, nor a regular 
arrangement or orientation. In the literature there is no 
general agreement whether to consider this area as part of the 
fascia dentata or as part of Ammon's Horn. There are arguments 
for either opinion. Amarai (1978) argues that the CA4 terminology 
of Lorente de No be discarded because the hilar neurons are 
dominated by afferent input from the dentate gyrus. Stephan 
(1975), however, argues that there are also similarities between 
the neurons of Ammon's Horn (е.д.САЗ) and CA4 for example with 
respect to the targets of their axons. 
In the present study the CA4 nomenclature will be used. 
2.2.4.3 CA3 (fig. 2.4.C) 
This subfield is characterized by a narrow layer of densely 
packed and intensely pigmented pyramidal neurons which are also 
called "giant pyramidal cells". They are well-formed and 
regularly oriented. In Nissl And KlÜver-Barrera stains the CA3 
area is easily recognizable because of its dark appearance and 
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the narrowness of the pyramidal layer. 
2.2.4.4 CA2 (fig. 2.4.C) 
The area between CAI and CA3 is in fact a mixed zone. Mc 
Lardy (1960) speaks of it as "CA3-CA1 transition zone". Although 
there are considerable differences with respect to the 
constituent cell elements of CA2 and CA3, these differences can 
only be detected with specific staimngs (Braak, 1980). In Nissl 
or myelin preparations, CA2 does not stand out as a separate 
zone. On cytoarchitectonic grounds, CA2 should be considered a 
unity with CA3 because these areas both contain the very 
characteristic giant pyramidal cells. Therefore, in the present 
study CA2 and CA3 will be taken together and referred to as 
CA2/3 (fig. 2.4.С). 
2.2.4.5 CAI (fig. 2.4.d) 
The hallmark of the CAI subfield, with respect to 
cytoarchitectonics, is that there are no giant pyramidal cells 
like in CA2/3. The pyramidal cells in this area are somewhat 
smaller and less pigmented than in the areas last mentioned In 
man, the pyramidal layer is also much wider and less densely 
packed than in CA2/3. A major hallmark of CAI, one that allows 
distinction between CAI and the subicuium, is the presence of the 
(sub)stratum radiatum (fig. 2.4.g) which in myelin stains is 
characterized by "Schaffer collaterals": radially orientated 
fibers. Comparative studies have shown that the CAI subfield is 
particularly large in man. The border of the subicuium and CAI is 
the point at which the Schaffer collaterals of the stratum 
radiatum ends. 
2.2.4.6 Subicuium (fig. 2.4.e) 
In Nissl stained material from man, the subicular pyramids 
are somewhat larger than the Ammonic pyramids of CAI. The 
pyramidal layer of the subicuium is in most parts wider than 
that of CAI. Another distinguishing feature of the subicuium is 
the presence of the fibers of the "perforant pathway". The fibers 
constituting that pathway originate in the entorhmal cortex, 
and terminate in the stratum moleculare of the fascia dentata. 
These fibers run more or less perpendicularly to the pyramidal 
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layer of the subiculum; in Kluver-Barrera stainings they give the 
subiculum a bluish aspect. In contrast with Lorente de No, but in 
conformity with Blackstad (1956) and with Stephan (1975), a 
separate prosubiculum is not distinguished. Laterally the 
subiculum is bordered by the easily recognizable presubiculum. 
2.2.4.7 Presubiculum (fig. 2.4.f) 
For the presubiculum Stephan (1975) used the 
subdivision into "zona medialis " and "zona lateralis", in the 
present study, however, the presubiculum will be considered as 
one area. Cytoarchitectonically of the presubiculum is 
characterized by tiny nerve cells (not larger than 7 micr.). 
These elements constitute together the parvopyramidal layer of 
the presubiculum. According to Stephan the beginning oí the zona 
medialis of the presubiculum is characterized by cell islands 
("glomeruli") of the presubicular parvopyramidal layer. In the 
zona lateralis these islands conflate into a continous layer, 
also consisting of small nerve cells. The remaining layers of the 
presubiculum belong to the allocortex or isocortex outside the 
region. These extrinsic layers transgress the limits of the 
subiculum to a variable degree. According to Braak (1978, 1980) 
this gives the presubiculum a characteristic lamination pattern 
which, however, can only be identified properly in pigment 
preparations. In Nissl- and KlUver-Barrera material this 
identification is much more difficult (Braak, 1978). 
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Fig. 2.4, a-g: Photographs of the different hippocampal subfields as described in the text. Klüver-Barrera 
and Nissl stained sections, a; Fascia Dentata (400x). b: CA4 (400x). с; CA2/3(400x). d: САШООх). e: 
Subiculum (400х). f; Presubiculum (40x). g; Transition CAl-Subiculum (40x), note the stratum radiatum 
(dashed lines). 
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2.2.4.8 Entorhinal and perirhinal cortices 
Not the cell-sparse zones (Substrata dissecantia) are the 
most constant characteristic of the entorhinal cortex, but rather 
the narrow second layer, consisting of large tightly packed 
multipolar, star shaped neurons that tend to form cell islands. 
However, these elements actually form a complex mosaic of 
continuous strips of neurons that form a maze-like arrangement 
(Braak, 1972). Very constant is the wide third layer Odiss. 
excluded) which is occupied by medium-sized pyramidal cells. The 
fourth layer shows the most variation within the entorhinal 
cortex: a narrow zone of large, multipolar neurons with long 
apical dendrites that course throughout almost the full width of 
the more superficial layers, accompanied at one or both sides by 
cell-sparse zones. The distinctness of this layer varies from 
place to place. The other substratum dissecans (3diss.) can be 
much clearer than the inner (4diss.), or vice versa. It is 
because of this variation in the fourth layer that some authors 
distinguish so many sub-areas within the entorhinal region, 
especially in higher animals The deep layers 5 and 6 are rather 
inconspicuous; they are highly multilaminate and composed of many 
different cell types. According to borente de No, the differences 
between pars medialis and the pars lateralis of the entorhinal 
region can be described as follows: 
Pars Medialis: The fourth layer is (in Nissl stains) 
accompanied at both sides by bright, cell-poor zones (Jdiss. 
and 4diss. ) . 
Pars Lateralis: SubstraLum 3diss. is missing, there is no 
bright zone between layers 3 and 4. The substratum 4diss 
seems to be less wide than in the pars medialis: layer 4 
seems to be continuous with layer 5. 
Cytoarchitectonically spoken, the Perirhinal Cortex is 
inconspicuous, it has in essence the same layering as the 
entorhinal cortex. The difference with it is that the second 
layer is less densely packed and that the substrata dissecantia 
are less outspoken. Layer 3 is less homogenous than in the 
entorhinal cortex and of a somewhat patchy appearance. Layer 4 
consists of small neurons with an irregular distribution, 
occasionally a larger neuron can be seen in this layer, but not 
as large as in layer 4 of the entorhinal cortex (Van Hoesen et 
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al., 1986). Layers 5 and 6 consist of large neurons, and (in 
Nissl preparations) appear usually as a dense deeply stained band 
of neurons. 
Ramon y Caial Rose 
(1893) (1926) 
Loгente de No 
(1934) , and 
Stephan 
(1975) 
Fascia Dentata Fascia Dentata Fascia Dentata 
Hilus fascia 
dentata 
h3,h4,h5 CA4 
Regio inferior h2 CA2,CA3 (CA2/3) 
Regio superior hi CAÍ 
Table 1Ά: Nomenclature of the different subfields of Ammon's horn 
(Hippocampus Proper), by different authors. The fascia dentata is 
also mentioned. 
Stephan (1975) Lorcnte de No (1934) 
Subiculum Prosubiculum a,b,c 
Subiculum с 
Presubiculum Subiculum a 
Presubiculum 
Parasubiculum Parasubiculum 
Table IB: Nomenclature of the different subicular subfields by 
Lorente de No (1934) and Stephan (1975). In the present study, 
the presubiculum and the parasubiculum will be drawn together and 
indicated as presubiculum. See text for further explanation. 
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2.3 SOME REMARKS ON THE HISTORY OF THE TERMS "HIPPOCAMPUS", 
"PES HIPPOCAMPI", AND "CORNU AMMONIS" ("AMMON'S HORN") 
The Italian anatomist Giulio Cesare Aranzi (Arantius,1530-
1589), a professor of anatomy and surgery at the university of 
Bologna, introduced the term hippocampus (Lewis, 1923; Clarke & 
O'Malley, 1968). In 1587, under the heading "De cerebri 
particulis Hippocampum referentibus" (on those parts of the 
cerebrum that constitute the hippocampus), Arantius 
writes: 
"...At the base of the ventricles, which face inwards toward 
the median line, an elevation of white substance rises up and,as 
it were, grows there. In its length it extends toward the 
anterior parts and front of the brain, and is provided with a 
flexuous figure of varying thickness. This recalls the image of a 
hippocampus, that is, of a little sea-horse... (Seifert, 1983; 
Clarke & O'Malley, 1968). 
Deliberovic (1986) suggested that Arantius referred to the 
structure that becomes visible after the scaling of the gyrus 
parahippocampalis, thus releasing the gyrus dentatus which, 
together with the limbus Giacomini and the gyrus fasciolans, is 
remniscent of a sea-horse. 
Lewis (1923) stated that the term "pes hippocampi", 
literally meaning "foot" of the hippocampus, was first introduced 
by Diemerbroeck in 1672, who possibly compared the sea-horse and 
the mythical animal that was supposed to have drawn Poseidon's 
chariot over the waves of the sea. The posterior part of this 
animal was piscine, wheras the anterior part was more like that 
of a horse with two feet folded back. Each foot was compared to 
the mtaventncular relief of the temporal horn, and thus the 
"pes hippocampi" appeared. The end of this foot was webbed: the 
enlarged anterior end of the intraventricular hippocampus or 
"digitationes hippocampi". 
Some decades later, in 1735, J.G. Duvernoi, who was a 
professor of medicine m Tübingen, provided the first good 
drawing of the hippocampus in the human brain. He describes the 
head of the hippocampus (pes hippocampi) as: 
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"...A small body of such dazzling whiteness and elegance of 
structure that there is scarcely anything handsomer m the whole 
brain.It resembles the figures of a stout silk worm or that of a 
ram's horn, which, it seems to me, it approaches nearer... " 
The term ram's horn was later changed by Garengeot (Paris, 
1742) into "Horns of Aimnon" (Cornua Ammonis). Ram's horns were a 
known attribute of an originally Egyptian, later also Greek and 
Roman God. Its Egyptian name was "Ammon", the hidden, or "Airanon 
Kneph ". He was the god of the Egyptian city of Thebe (2500 
B.C.). Later the Greeks called him "Zeus Ammon", and the Romans 
"Jupiter Ammon". Honoured as the origin of life he sometimes was 
represented as an old man, sometimes as a ram, sometimes with the 
head or only the horns of a ram, a holy animal for him (Klingler, 
1948). The brain as the organ of the human soul should not have 
ordinary horns1 Until quite recently the terms cornu ammonis and 
pes hippocampi were synonymous (Kopsch, 1940). In the present 
study the term pes hippocampi will be used only to indicate the 
enlarged anterior part of the hippocampus, whereas the term 
cornu ammonis represents the cytoarchitectonically defined 
structure throughout the rostrocaudal extent of the hippocampus. 
It was again much later that Ramon Y Cajal in his famous 
treatise "On the structure of Ammon's Horn" (1893), and borente 
De No in "Continuation of the study of the Ammomc System" (1934) 
provided more detailed descriptions of the hippocampus. These 
will be discussed elsewhere in this study. 
2.4 A BRIEF DESCRIPTION OF THE PHYLOGENESIS AND THE 
MORPHOGENESIS OF THE HIPPOCAMPUS 
The hippocampus forms part of the telencephalic cortex. For 
over a century there has been a discussion about the subdivision 
of this cortex (for details: see e.g. Stephan, 197S). The 
subdivision made by Vogt & Vogt in 1919 in isocortex (=neocortex) 
and allocortex was later followed by many other authors, for 
example Stephan (1975) and Braak (1980). The highly developed 
six-layered cortices together form the isocortex, whereas all the 
other cortices form the allocortex, which literally means "other" 
(than ISO-) cortex. The allocortex is not, however, a homogenous 
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unit and defies clear definition (Braak, 1980). Furthermore, a 
third cortical zone is distinguished by Stephan; a distinction 
that is based on phylogenetic and ontogenetic observations. This 
zone is considered as an intermediate zone between isocortex and 
allocortex and is indicated by the term "mesocortex" (Stephan, 
1975). 
Phylogenetically, the allocortex is considered an older part 
of the telencephalic cortex than the neocortex, and sometimes is 
referred to as the "rhinencephalon", a name that suggests that it 
is entirely implicated to olfaction. This olfactory function has 
only been made probable for the rostral part of the allocortex, 
so that the term "rhinencephalon" for the allocortex should be 
avoided. The hippocampus and the structurally as well as 
functionally closely related entorhinal cortex form important 
parts of the allocortex. In the classification of Stephan (1975), 
the hippocampus is further designated as "archicortex, and the 
entorhinal cortex as "periarchicortex" (see fig. 2.5). 
Volumetric measurements of the allocortex in different 
species including man, led Stephan to the conclusion that, 
despite the relative decrease of the (peri-(archicortex with 
regard to the rapid expanding of the neocortex during 
phylogenesis, there is an absolute increase in volume of these 
structures (Stephan, 1975, 1983). This increase suggests a 
functional progression as well (Seress, 1988). 
Along with these volumetric changes during phylogenetic 
development, the hippocampus undergoes considerable changes with 
regard to its final topography and morphology in man. In the 
hedgehog brain for instance, which has only a small corpus 
callosum, the hippocampus can be subdivided into a pre- supra-
and retrocommissural part that are all three well developed. In 
the human brain however, only the retrocommissural part of the 
hippocampus is well developed and -differentiated. This is 
because of the vast expansion of the neocortex and the corpus 
callosum by which, as it were, the development of the pre- and 
supracommissural portions of the hippocampus is suppressed. 
Due to the expansion of the neocortical temporal lobe, the 
ventral part of the retrocommissural hippocampus is pushed and 
rotated into a rostral direction. At the same time the 
archicortical mass is forced into the inferior horn of the 
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ARCHICORTEX 
Fascia Dentata 
Cornu Ammonis 
Subiculum _ 
Hippocampus Supracommissuralis 
Hippocampus Precommissuralis 
Hippocampus Retrocomrnissuralis 
PERIARCHICORTEX 
U i Cortex Entorhinalis 
Ш Cortex Perirhmalis 
L J Regio Pre-& Parasubicularis 
!_..' Fornix 
S . Septum 
CC * Corpus Callosum 
Fig. 2.5: Medial aspect of the human brain, seen somewhat from below. Accentuated are the archicortex and 
periarchicortex, both of which are part of the allocortex. Note that the entorhinal cortex (Brodmann area 
28) does not follow the hippocampus to its most caudal border, but that the perirhinal cortex (Brodmann 
area 35) does. (Adapted from Stephan, 1975). 
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lateral telencephalic ventricle of which it eventually partly 
forms the bottom. In man, the pre- and supracommissural parts of 
the hippocampus remain rudimentary, and are known as the "taenia 
tecta" and the "indusium griseum", respectively. 
Another important consequence of the proliferation of both 
the neocortex, the corpus callosum and the hippocampus itself, is 
the formation of the medial flexure or "pes" in the rostral end 
and the infolding of the rostral hippocampus as it is compressed 
along its longitudinal axis (Stephan,1963). This infolding 
results in the appearance of the one to five "digitationes 
hippocampi" of the human brain (Gertz et. al. 1972). 
2.5 THE HISTOGENESIS OF THE HIPPOCAMPAL FORMATION (ARCHICORTEX) 
AND OF THE ENTORHINAL CORTEX (PERIARCHICORTEX) 
A detailed description of the histogenesis of the hippocampal 
formation and of the entorhinal cortex of man falls outside the 
scope of the present study. A short outline may be appropriate, 
however. For details, we refer to the literature cited, e.g. 
Macchi (1951), Humphrey (1966), Kahle (1969), Stephan (1975). 
Although the archicortex is considered phylogenetically as 
an older part of the brain than the neocortex, its ontogenetic 
development in man starts later and ends earlier (Kahle, 1969). 
The migration of neuroblasts in the archicortex and in the 
neocortex starts in the second half and in the middle of the 
third month respectively. In the archicortex this migration lasts 
only until the end of the fourth month; in the neocortex, 
however, in some areas it can last up to (and even after) birth 
(Kahle,1969). Ammon's horn and the fascia dentata also develop 
at different stages during embryogenesis. According to Humprey 
(1966), the first anläge of the human archicortex appears in the 
sixth week in the form of a cell free marginal zone in the 
dorsomedial wall of the hemisphere. Ammon's horn and the fascia 
dentata are at this stage not separately recognizable. It is only 
at the end of the third month that the actual development of the 
archicortex begins. The cell zone of the cornu ammonis can be 
identified at 10 1 / г weeks. 
Humphrey (1966) states that at this time the subdivisions of 
the cornu ammonis in CA1-CA4 as formulated by borente de No 
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(1934), and that will be described later on in this study, can 
already be recognized. Macchi (1951), however, could make this 
distinction only from the end of the fourth month onward. The 
fascia dentata, which in the beginning is an undifferentiated 
cell mass, can first be first identified in the eleventh week. 
In human development, the pyramidal layer of Ammon's horn 
overlies the later appearing layer of migrating cells in the 
gyrus dentatus anläge. Neuroblasts move outward from the layer of 
migrating cells to form a cell layer in the gyrus dentatus in 
alignment and in continuity with the pyramidal cell layer of 
Ammon's horn. This continuity is maintained until the definitive 
granular layer of the gyrus dentatus appears. The superpositio 
medialis (Anens Kappers et al., 1936) is then formed: a 
curvature of the fascia dentata around the pyramidal layer of the 
hippocampus (fig. 2.6). 
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Fig. 2.6 
Schenatic representation of the morphogenesis the fascia dentata and Anmon's horn. Note especially the 
evolution of the "superpositio medialis" as explained in the text. The stippled area represents the gyrus 
dentatus anläge, the bold black area is the developing fascia dentata. Ämnon's horn, the subiculum and 
presubiculum, the borders of which are also indicated, are within the continuous thinner lines. The dashed 
line indicates the molecular layer of the fascia dentata. The mrnbers refer to different consecutive 
stages of embryonic developnent. (Adapted from Stephan, 1975). 
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As has been said before, the CA subfields can be identified, 
according to Macchi (1951), from the fourth month. The cortex of 
the CAI field resembles that of the adjacent subiculum (which is 
also part of the hippocampal formation) in the sense that the 
pyramidal layer consists of two sublayers that do not exist in 
CA7./3. Stephan (1983) has shown that of the costituents of the 
hippocampal formation like fascia dentata, CAI, CA2/3, СЛ4 and 
subiculum, CAI undergoes the most marked changes. Both 
qualitative and quantitative investigations reveal, that CAI is 
the most progressive hippocampal component, which is highly 
susceptible for different influences (e.g. anoxia, toxic agents) 
among which, as will also be shown in this study, Alzheimer's 
disease. 
The development of the entorhinal cortex has been the 
subject of many studies and discussions in which no consensus of 
opinion could be reached (for details: see Stephan, 1975).The 
essence of this discussion concerns the following issue. 
In its final form, the entorhinal cortex (and presubiculum) 
is sometimes referred to as "Schizocortex" ( "split" cortex) 
meaning that two main cell layers, the laminae principales 
interna and externa, divided by a relatively cell-sparse layer, 
the lamina dissecans, can be distinguished. The different authors 
do not agree on the time of origin of the layers mentioned. Rose 
(1926, 1927) states that tho outer layer is the first one to 
originate as the primary cortex plate, whereas the inner layer, 
the accessory cortex plate, develops thereafter. Angevine (1965) 
has the opposite opinion, namely that the inner layer develops 
first. borente de No (1933) and Beck (1940) found that the 
development is essentially the same as that of the isocortex: a 
differentiation, starting from the first primitive cortical 
plate. The difference with the development of the isocortex, 
however, is that the cortical plate of the entorhinal cortex is 
considerably narrower than that of the isocortex, and that the 
migration phases of the neuroblasts of the entorhinal cortex, 
compared to those of the isocortex, take place later and last 
shorter, which is also the case in the archicortex (Kahle,1969) 
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2.6 CONNECTIONS OF THE HIPPOCAMPAL FORMATION, THE PRESUBICULUM 
AND THE PAKAHIPPOCAMPAL CORTEX 
2.6.1 Introduction 
There is a wealth of information on the topic of hippocampal 
connectivity, especially based on tract tracinq studies that were 
performed on the rat. In this section, attention will be focussed 
on the connectivity of the hippocampus, presubiculum and 
parahippocampal cortices (mainly entorhinal cortex) in the 
primate brain, since extensive and detailed tract tracing 
studies have more recently also been performed in the monkey 
brain, which, in phylogenetic terms, is closer to that of man. 
It is worth noting that with regards to hippocampal circuitry 
striking differences have been found between raL and monkey. 
2.6.2 Extrinsic afferent input of the hippocampal formation 
2.6.2.1 Cortical (entorhinal) afférents 
In the rhesus monkey (like in the rat) the principal 
afferent input to all parts of the hippocampal formation 
originates in the adjacent entorhinal cortex, primarily from 
stellate cells in layers 2, and pyramidal neurons in layer 3, and 
terminates in the outer two thirds of the molecular layer of the 
dentate gyrus and throughout the entire molecular layer (stratum 
lacunosum-moleculare) of the ammonic subfields (e.g. Van Hoesen & 
Pandya, 1975; Witter et. al., 1989). There appears to be a 
topographical organization of termination of these fibers in the 
molecular layer of the dentate gyrus and also of CA2/3 in the rat 
(Steward, 1976) and in the monkey (Van Hoesen & Pandya, 197b): 
Afférents from the medial entorhinal area terminate in the 
middle third of the molecular layer of the dentate gyrus and the 
deeper half of the molecular layer of CA3, whereas afférents from 
the lateral entorhinal area end in the outer third of the 
molecular layer of the dentate gyrus and the outer half of the 
CA3 molecular layer. 
Entorhinal afférents to CAI and the subiculum are also 
topographica:ly differentiated in the sense that afférents from 
the medial entorhinal cortex terminate in the CA2/3 (medial) part 
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of the molecular layer, whereas afférents from the lateral 
entorhinal cortex terminate in the subicular (lateral) end of the 
molecular layer of CAI. Afférents from the perirhinal cortex are 
destined for the molecular layer of the subiculum. 
Andersen et.al.(1971) postulated that in the rat brain the 
longitudinal extent of the hippocampal formation is composed of a 
series of identical and adjacent lamellae each consisting of a 
short segment of intrinsically connected hippocampal subfields 
that receive afferent input from a topographically limited part 
of the entorhinal cortex. Rosene and Van Hoesen (1987), and more 
recently Witter et. al. (1989), however, could not confirm this 
for the monkey brain in the sense that entorhinal projections to 
the hippocampal formation, even from small injections limited to 
part of one subdivision, cover over half of the longitudinal 
axis. It was also found in the cat (Witter et. al., 1986) and in 
the monkey (Witter et. al., 1989) that cells located laterally in 
the entorhinal cortex project to caudal levels of the dentate 
gyrus, whereas medially positioned neurons project to more 
rostral parts of the dentate gyrus. 
In the primate brain, some cortical afférents to the 
molecular layer of the subiculum originate in the proisocortex 
and even in the neocortex of the posterior parahippocampal gyrus. 
This may reflect the increased neocortical connectivity of the 
primate hippocampal formation (Van Hoesen et. al., 1979). 
2.6.2.2 Subcortical afférents of the hippocampal formation 
With the aid of retrograde tracing experiments Amarai and 
Cowan (1980) showed afférents originating in the brain stem 
(locus coeruleus, midline raphe, and reticular formation), 
diencephalon (supramammillary nucleus in the hypothalamus, 
lateral hypothalamic area), the basal forebrain (medial septal 
nucleus, diagonal band, and the basal nucleus). 
According to Wyss et. al. (1979), the projection from the 
supramammillary nucleus in the rat terminates in a very narrow 
band overlying the superficial part of the granule cell layer and 
the adjacent supragranular part of the molecular layer. In the 
monkey, Veazy et. al.(1982) found that these afférents also 
terminate in the stratum pyramidale and stratum radiatum of the 
hippocampus proper immediately distal to the termination of the 
44 
mossy fibers in the CA3 subfield. 
The hippocampal afferent arising from the thalamic nucleus 
reuniens that is present in the rat, is probably absent in the 
monkey which might indicate that this region which is dominated 
by diencephalic input in the rat, is completely dominated by 
telencephalic input in the monkey (Rosene & Van Hoesen, 1987). 
A major subcortical afferent to the hippocampal formation 
arises from the magnocellular nuclei of the basal forebrain 
(e.g. Mesulam et. al., 1983): medial septal nucleus, horizontal 
and vertical nuclei of the diagonal band, and the nucleus 
basalis. In the rat brain various studies agree that there is a 
strong projection from the medial septal nucleus and/or diagonal 
band to the hilus of the dentate gyrus, to the stratum oriens of 
CA2/3 and to the molecular and pyramidal layers of the subiculum. 
These studies also agree that there is a less intense projection 
from the basal nuclear complex to the entire molecular layer of 
the dentate gyrus and airanonic subfields, to the stratum radiatum 
of CA2/3, and to the stratum oriens of CAI. In the monkey brain, 
a similar projection pattern exists, with a significant 
projection to the most medial part of the subiculum (or: the 
prosubiculum). Moreover, regardless of the locus of origin in the 
above mentioned parts of the basal forebrain or the si Lo of 
termination, the projections are always most, intense at the uncal 
level of the hippocampal formation and decrease at more posterior 
levels. Furthermore, pathways that originate in the medial septum 
and medial part of the nucleus of the vertical limb of the 
diagonal band project to the dentate gyrus and ammonic subfields 
most intensely, whereas projections originating in the lateral 
part of the diagonal band and/or nucleus basalis terminate in the 
prosubiculum and CAI subfieds (Rosene s. Van Hoesen, 1987). 
Other major subcortical afférents to the hippocampal 
formation arise from the amygdoid complex (fig 2.7). The 
accessory basal, medial basal and adjacent cortical nuclei of the 
amygdala and the corLical amygdaloid transition area send 
projections to the hippocampal formation. The projection arising 
from the magnocellular part of the accessory basal nucleus and 
the cortical nuclei terminate in the molecular layer of the 
CA2/3 and CAI' and the prosubiculum. (CAI' is a dorsomedially 
located subfield in coronal sections through the rostral levels 
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Fig. 2.7: Connections between the amygdala (left) and the hippocampal fonation (right). Note especially 
the reciprocal connections of САГ and the prosubicuiim with the amygadaloid nuclei. 
Abbreviations: -Hippocampus: CA: Cornu Amronis, hippocampal subfields as described in the text. ProS: 
prosubiculum; Sub: subiculum; PreS: presubiculum. 
-Amygdala: AB: accessory basal nucleus; Qi cortical nucleus; CIA: cortical amygdaloid transition area; MB: 
medial basal nucleus; IB: lateral basal nucleus; LT: lateral nucleus (adapted from Saunders et al., 1986) 
of t h e h i p p o c a m p u s ) . T h i s p r o j e c t i o n , which i s p a r t i c u l a r l y 
s t r o n g i n t h e a n t e r i o r p a r t of t h e h i p p o c a m p a l f o r m a t i o n , i s 
p r e s e n t t h r o u g h o u t i t s r o s t r o c a u d a l e x t e n t . The p r o j e c t i o n s from 
t h e m e d i a l b a s a l n u c l e u s and t h e c o r t i c a l a m y g d a l o i d t r a n s i t i o n 
a r e a t e r m i n a t e i n t h e m o l e c u l a r l a y e r and t h e s u p e r f i c i a l p a r t of 
t h e p y r a m i d a l l a y e r of t h e p r o s u b i c u l u m o n l y ( S a u n d e r s e t . a l . , 
1988) . 
I n summary, t h e p r i n c i p a l e x t r i n s i c c o r t i c a l a f f e r e n t i n p u t s 
t o t h e h i p p o c a m p a l f o r m a t i o n t e r m i n a t e i n t h e m o l e c u l a r l a y e r of 
a l l s u b f i e l d s , i n a d d i t i o n p r o j e c t i o n s from s u b c o r t i c a l a r e a s 
( a m y g d a l a , t h a l a m i c n u c l . r e u n i e n s , b a s a l f o r e b r a i n ) t o t h e 
m o l e c u l a r l a y e r of t h e same s u b f i e l d s e x i s t . M o r e o v e r , a l l of t h e 
a r e a s of p r e d o m i n a n t e x t r i n s i c a f f e r e n t t e r m i n a t i o n a r e 
c h a r a c t e r i z e d by a c o n v e r g e n c e of a t l e a s t s e v e r a l s u b c o r t i c a l 
a f f é r e n t s w i t h t h e major c o r t i c a l a f f é r e n t s . I n a d d i t i o n t o t h e s e 
i n p u t s t o z o n e s a p p a r e n t l y domina t ed by e x t r i n s i c a f f e r e n t i n p u t , 
t h e r e a r e a l s o some i m p o r t a n t e x t r i n s i c a f f é r e n t s t h a t t e r m i n a t e 
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in areas dominated by major intrinsic afferent systems. This 
means that in the hippocampus integration takes place of all 
kinds of incoming cortical and subcortical information. 
2.6.3 Intrinsic connections of the hippocampal formation 
One of the most striking features of the hippocampal 
formation is the highly ordered and serially arranged chain of 
intrinsic connections that link adjacent cytoarchitectonically 
defined subfields (fig. 2.8). 
In the first place it should be remembered that the main 
afferent projection to the hippocampus, arising in the stellate 
layer of the entorhinal cortex, is costituted by the perforant 
pathway, which ends in the outer two third of the molecular layer 
of the fascia dentata. 
Two intrinsic projections arise from the dentate gyrus i.e. 
the mossy fiber system and the dentate gyrus association pathway. 
The mossy fiber system consists of zinc-rich efferents of the 
granule cells that project to the dentate gyrus polymorphic layer 
and/or the CA4 subfield, and to the stratum pyramidale and 
stratum lucidum of the СЛЗ subfield.The distal end of the mossy 
fiber projection is congruent with the end of the СА.Э subfield 
and the beginning of the CA2 subfield where the large 
chromophilic neurons similar to the САЗ pyramidal cells lack 
mossy fiber input. This mossy fiber projection is organized in a 
lamellar fashion (perpendicular to the long axis of the 
hippocampus) so that one limited segment of the dentate gyrus 
sends its fibers to only a limited segment of the the dentate 
gyrus hilus, CA3 and CA4. The dentate gyrus association pathway: 
the hilar cells of the dentate gyrus and/or the CA4 subfield give 
rise to a dentate gyrus association pathway that terminates 
within the inner third of the molecular layer of the dentate 
gyrus. In contrast to the limited lamellar topography of the 
mossy fiber projection this system appears to act as a 
longitudinal association pathway since it extends for a 
considerable distance along the longitudinal axis of the 
hippocampal formation. 
The CA3 subfield gives rise to an intrinsic projection that 
appears to correspond to the so-called Schaffer collateral system 
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Fig. 2.θ: Schematic representation of the unidirectional neuronal chain in the hippocampal formation as 
described in the text. The pyramidal layer is represented by by Die area within the dashed line. 1 : 
Entorhinal cortex, stel late neurons, second layer, give rise to the perforant path. 2 · Granule cells of 
the fascia dentata. 3 , 4 and 5 · Pyramidal cells of the pyramidal layer of the hippocampal formation. 
Abbreviations CA= Cornu Amroms; ERC= Entorhinal Cortex; FD= Fascia Dentata; PreS= presubiculum, Sub= 
subiculum. (adapted from Zola-Morgan et a l . , 19861 
of classical Golgi impregnation studies. In the monkey there 
exists a Schaffer collateral system originating in the CA3 
subfield and terminating in the CA3, CA2 and CAI subfields. This 
projection terminates most heavily in the stratum radiatum, 
stratum pyramidale and stratum onens of the CAI, CA2 and CA3 
subfields. There is a large longitudinal extent for this system, 
but more limited in its longitudinal extent than the dentate 
gyrus association system. 
The final link m uhe serial chain of intrinsic connections 
originates in the CAI subfield, the CAI ammonic-subicular 
system. This system sends a strong intrinsic projection to the 
deep half of the stratum moleculare and throughout the stratum 
pyramidale of the subiculum. This system is topographically 
organized in a lamellar way with only limited spread along the 
longitudinal axis of the hippocampal formation. 
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The subiculum seems to have no strong intrinsic projections 
but gives rise to the most complex and extensive set of extrinsic 
projections of all the hippocampal subfields. (Rosene & Van 
Hoesen, 1977, 1987). The final link in the "entorhinal-
hippocampal loop", for instance, originates in the subiculum, 
which projects to the presubiculum and to the deep layers of the 
entorhinal cortex (Sorensen & Shipley, 1979). 
The subiculum is the final common pathway for most hippocampal 
extrinsic projections. (Rosene & Van Hoesen, 1977). 
In summary, there are four distinct and prominent intrinsic 
connectional systems in the hippocampal formation (Rosene & Van 
Hoesen, 1987) . 
-Dentate Gyrus Association System (organized longitudinally) 
-Mossy Fiber System (lamellar organization) 
-Schaffer Collateral System (organized longitudinalìy) 
-Ammonic-Subicular System (lamellar organization) 
2.6.4 Extrinsic efferents of the hippocampal formation 
2.6.4.1 Subcortical efferents 
It has been known for more than a hundred years that the 
hippocampus projects through the fibers in the fornix to the 
mammillary bodies (Gudden, 1881). More recently, these fibers 
have been shown to originate in the subicular subfield (Swanson & 
Cowan, 1975), as well as in the rostrally located hippocampal 
amygdaloid transition area (HATA) (Rosene & Van Hoesen, 1987). A 
diencephalic projection running through the fornix arises in the 
subiculum and terminates the anterior thalamic nuclei (Rosene & 
Van Hoesen, 1987). Projections to the septal area that run 
through the fornix arise in the pyramidal cells of the amnionic 
subfields (Siegel et. al., 1975). 
An important non-fornical subcortical projection originating 
in the hippocampus is that to the amygdala (fig.2.9). The fibers 
of these projections arise in the part of the subiculum that is 
immediately adjacent to the CAI area, the prosubiculum, and the 
CAI' subfield (CAI in the mediodorsal part of the rostral 
hippocampus). 
In the amygdala, these efferents terminate in the medial 
basal nucleus, the cortical transition area and the ventral part 
49 
of t h e c o r t i c a l n u c l e i , whe rea s i n a d d i t i o n t h e CAI' s u b f i e l d 
p r o j e c t s t o t h e v e n t r a l p a r t of t h e a c c e s s o r y b a s a l n u c l e u s of 
t h e amygda la ( f i g . 2 . 9 ) ( S a u n d e r s e t . a l . , 1 9 8 8 ) . 
Fig. 2.9: Efferent projections from the hippocampal formation (right) to the amygdala (right). Vote 
especially the projections originating in CM' and the prosubiculum to the amygadaloid nuclei. 
Abbreviations: -Hippocampus: CA: Comu Amnonis, hippocampal subfields as described in the text. ProS: 
prosubiculum; Sub: suhiculun; PreS· presubiculum. -Amygdala· AB: accessory basal nucleus, CN cortical 
nucleus; CM: cortical amygdaloid transition area; MB: medial basal nucleus; LB: lateral basal nucleus; 
LT· lateral nucleus (adapted from Saunders et al., 1988) 
2 . 6 . 4 . 2 Cortical e f ferente not to or v ia entorhinal cortex 
Beside the massive i n d i r e c t p r o j e c t i o n of the hippocampus to 
t he i soco r t ex v i a the e n t o r h i n a l c o r t e x , i t has become c l e a r t h a t 
t h e r e a r e a l s o d i r e c t pathways. The major i ty of t he se c o r t i c a l 
p r o j e c t i o n s appear to o r i g i n a t e from the subiculum ( including the 
prosubiculum) and the CAI s u b f i e l d . These e f f e r e n t s include 
p r o j e c t i o n s to t he medial f r o n t a l c o r t e x , t he caudal c i n g u l a t e 
gyrus and the parahippocampal a rea (Rosene & Van Hoesen, 1977). 
They have been shown to be much more ex tens ive in the monkey than 
in t h e r a t (Rosene & Van Hoesen, 1987). 
2 .6 .5 Commissural connections of the hippocampal formation 
The most s t r i k i n g fea tu re of the monkey hippocampal 
formation i s t he complete lack of commissural connect ions from 
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all but the most anterior (uncal) levels of this structure 
(Amarai et. al., 1984; Demeter et. al., 1985) . Crossed Schaffer 
collaterals and crossed dentate gyrus association fibers have 
only been demonstrated in the uncal part of the hippocampal 
formation, rapidly diminishing to the caudal part. Compared to 
the rat hippocampus the commissural connections of the monkey 
hippocampus are dramatically reduced. This difference may reflect 
a growing functional linkage between the hippocampal formation 
and the increasingly lateralized cerebral cortex of primates, and 
the critical role that the hippocampal formation plays in 
cortical function in primates, as will be explained in the 
section on the function of the hippocampal formation. 
2.6.6 Major fiber tracts of the hippocampal formation 
The major connections of the hippocampal formation are 
located in several distinct fiber pathways both within the 
hippocampal formation and extrinsic to it: cingulum, alveus, 
fimbria, fornix, perforant pathway and the superficial 
presubicular pathway. 
The cingulum is a bundle of short and long association 
fibers surrounding the corpus callosum. It passes through the 
cingulate and parahippocampal gyn and it extends from the septum 
area to the uncus area in the temporal lobo. 
The alveus is the name given to the white matter that lies 
deep to the pyramidal cell layers of the hippocampal formation 
and is exposed in the floor of the inferior horn of the lateral 
ventricle. Axons of the hippocampal output neurons as well as 
some afférents travel in the alveus either to or from the 
angular bundle. In the monkey the alveus is formed of heavily 
myelinated fibers most of which travel in an oblique course 
moving along the longitudinal axis of the hippocampal formation 
as they travel superiorly or infenorly around the circumference 
of the hippocampal formation. Axons destined to terminate within 
the hippocampal formation generally do not travel in the alveus. 
Many extrinsic projection fibers from the subiculum, 
prosubiculum, and CA subfields enter the alveus and travel 
superiorly and posteriorly onto the dorsal aspect of the 
hippocampal formation where they coalesce to form the white 
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matter bundle known as the fimbria. The fimbria runs from the 
rostral to the caudal direction; fibers that originate at more 
caudal levels of the main body of the hippocampus travel through 
the alveus to the fimbria where they occupy its most lateral part 
(Rosene & Van Hoesen, 1987). As a result of this lamellar 
addition of fibers the size of the fimbria increases dramatically 
as one proceeds posteriorly. Apart from efferent fibers, the 
fimbria also contains fibers originating from the septal area and 
other subcortical loci as well as commissural fibers of the uncal 
hippocampus and other commissural fibers that originate in the 
presubiculum, entorhinal cortex and even the adjacent 
proisocortical and neocortical subfields of the posterior 
parahippocampal gyrus. (Demeter et.al. 1985) 
In the caudal direction, near the splemum of the corpus 
callosum, the hippocampal body and the fimbria eventually 
separate to form the supracallosal indusium gnseum and the 
infracallosal fornix - literally meanig "arch" - respectively. 
The fibers constituting the perforant pathway are afférents 
to the hippocampal formation originating from the entorhinal 
cortex, perforating the pyramidal cell layer of the subiculum 
before distributing in the molecular layer of all hippocampal 
subfields 
The molecular layer overlying the presubiculum at the level 
of the posterior body of the hippocampal formation is heavily 
myelinated which has also been reported for the human brain by 
McLardy (1974). Recent experiments (Rosene s, Van Hoesen, 1987) 
indicate that, in the monkey brain, this fiber bundle is an 
efferent pathway composed of axons that originate in the 
(pro)subiculum and course through the molecular layer of the 
presubiculum to reach the molecular layer of the retrosplemal 
cortex. 
2.6.7 Summary: general characteristics of hippocampal ciruitry 
1) The major afferent inputs to the (monkey) hippocampal 
formation originate from the penallocortex of the entorhinal 
area and distribute to the molecular layer of all subfields. 
There is also a significant afferent input that originates 
proisocortical and even neocortical areas in the posterior 
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parahippocampal gyrus and terminates in the molecular layer of 
(pro-)subiculum and CAI subfields where other telencephalic 
afférents from the amygdala and basal forebrain also terminate. 
2) The serial chain of intrinsic connections begins in the most 
medially placed allocortical subfield, the dentate gyrus, which 
only receives extrinsic cortical afférents from the entorhinal 
area. This serial chain proceeds laterally to the neocortex 
through successive ammonic subfields CA4, CA3, CA2 and CAI to the 
last allocortical subfield: the subiculum, which gives rise to 
the projection which closes the loop to the entorhinal cortex. 
3) The dentate gyrus has only intrinsic projections within the 
hippocampal formation. 
4) The subiculum appears to have no strong intrinsic projections 
but instead gives rise to the most complex and extensive set of 
extrinsic projections of all the hippocampal subfields. 
5) Commissural connections of the monkey hippocampal formation 
are limited to the rostral third of the hippocampal formation so 
that a large part of the hippocampus may be available for 
participation in highly lateralized functions of the neocortex. 
6) There are also several longitudinally arranged intrinsic 
connections that serve to provide a longitudinal integration of 
the activity of the different hippocampal subfields. 
2.6.8 Connections of the presubicular region (pre- and 
parasubiculum) 
2.6.8.1 Afférents of the presubiculum 
The sources of the afferent projections to the presubicular 
area can be subdivided into four groups: 1) the cmgular cortex, 
2) the hippocampus, fornix and septum, 3) primary and secondary 
olfactory centres and 4) thalamic nuclei. 
The most important afférents of the presubicular regions 
originate in the cingular cortex. Situated in the depth of the 
cmgulate gyrus, the cmgulum appears to terminate in the 
presubicular and retrosplenial areas of the periarchicortex 
exclusively. The presubicular cortex receives both direct and 
indirect input from prefrontal (areas 9 and 46) (Goldman-Rakic 
et al., 1984; Nauta, 1964) and parietal (areas 7 and 39) 
(Seltzer ь Van Hoesen, 1979), and inferior temporal lobe 
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multimodal association cortices. Projections from the cingular 
areas 23, 24 and 32 (according to Drodmann) have also been shown 
(Larson, 1962; Pandya et. al., 1973) 
Secondly, hippocampus, fornix and septum are sources of 
afferent fibers. The presubiculum receives afférents from the 
hilus of the fascia dentata, САЗ (rat, Swanson et.al., 1978) and 
from the subiculum (rhesus monkey. Rosene et.al.,1976). Fibers of 
possible septal origin running through the fornix, fimbria and 
alveus, ending in the presubicular region, have been described by 
various authors (e.g. Cragg, 1965) 
In the third place there are the secondary olfactory 
centres. Afferent fibers from the olfactory bulb, the primary 
olfactory centre, are not known. Fibres originating from the 
olfactory tubercle and periamygdalar cortex, however, have been 
described in the rat, cat and rabbit (Cragg, 1961). Running 
through the molecular layer of the entorhinal, and presubicular 
regions, these fibers probably end in the hippocampus. 
Finally, projections originating from the anteroventral, 
anteromedial and anterodorsal thalamic nucleus traveling in the 
cingular bundle, have been described by Domesick (1973) in the 
rat. These afférents appear to end in the outer layers of the 
presubiculum, and not in the deeper ones (Shipley, 1975) It is 
also likely that some projection·; originate in the midline and 
intralaminar thalamic nuclei. These are nuclei that- according to 
Nauta and Whitlock (1954)- project to phylogenetically older 
parts of the cortex. 
2.6.8.2 Efferente of the presubiculum 
The presubicular region sends (in the guinea pig) efferents 
to the outer layers of the entorhinal area (Shipley, 1974, 1975), 
which in its turn is the major source of afférents to the 
hippocampal formation. In the rhesus monkey, only the 
presubicular projection to the third layer of the entorhinal area 
have been described (Rosene et.al., 1976). It has also been found 
that (in the rhesus monkey) there are projections to the 
cmgulate cortex (Rosene s, Van Hoeson, 1977). The presubiculum 
projects also to the anterior nuclei of the thalamus (in the cat, 
Edinger et. al., 1979), and to the mamillary nucleus (in the 
rhesus monkey. Rosene & Van Iloesen, 1977). Finally, in the cat, 
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the presubiculum gives rise to a discrete fascicle in the fornix 
which terminates in the septum, lateral hypothalamus, and the 
ventral tegmental area (Karten, 1963). 
In summary the presubiculum receives its most important 
afférents from prefrontal, parietal, inferior temporal lobe, 
cingular cortex, hippocampus proper, olfactory cortical areas as 
well as thalamic- and hypothalamic nuclei areas, whereas some of 
these connections are reciprocal, indicating that this area is 
not merely a "passing through station" of hippocampo-entorhinal 
(and vice versa) fibers, but that it is in addition an 
integrative link in limbic circuitry. 
2.6.9 ParaMppocampal cortex 
2.6.9.1 Cortical afferenLs of the parahippocampal cortex 
The entorhinal cortex constitutes the anterior part of the 
parahippocampal gyrus, which in its turn is part of the limbic 
lobe (the medial edge [=limbus] of the cortical mantle). In 
general terms it can be stated that the cortical input to the 
parahippocampal gyrus is constituted by a large system of axons 
that arises from the association cortices and terminates in the 
cortices that form the limbic lobe. This system provides the 
limbic lobe with multimodal visual, auditory and somatic input. 
Many of the other parts of the limbic lobe project to the 
entorhinal cortex, which is commonly viewed as the major link 
between the cerebral cortex and the hippocampal formation (fig. 
2.10) (Van Hoesen, 1982). Pathways leading out of widespread 
corLical areas, which may be generally characterized as 
polysensory associational regions, project to the hippocampus via 
the temporo-ammonic or perforant pathway which has its origin in 
the entorhinal cortex (Cajal, 190l-,02). 
Tn a detailed systematic retrograde tracer study concerning 
the cortical afférents to the entorhinal cortex, Insausti et.al. 
(1987) found connections originating in the following cortical 
regions of the Macaca fascicularis monkey: 
(1) frontal lobe (areas 13, 13a, 14, 11, 12, rostral half of area 
46, areas 9,8 and 6 occasionally); (2) temporal lobe (rostral to 
the hippocampal formation: piriform and periamygdaloid cortices, 
areas 35 and 36; caudal levels: immediately lateral to the 
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hippocampal formation, including areas 35 and 36); superior 
temporal gyrus (parainsular cortex); (3) insula proper (rostral 
or agranular division); (4) cingulate cortex (areas 25, 32, 
rostral and caudal levels of 24, and area 23); (5) retrosplemal 
region (areas 30 and 29). 
Fig. 2.10· Cortical connections of the hippocampal formation via the parahippocampal cortex. The 
hippocampal formation is represented as the stippled structure, the parahippocampal cortex as the area 
within the dashed line. The connections are in essence reciprocal. The numbers refer to the cortical areas 
according to Brodmann, ι: insula, (from: Nieuwenhuys et. a l . , 1988) 
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2.6.9.2 Cortical efferente 
Because of their importance as a relay station for 
hippocampal output to the cortex, the cortical output of both the 
ento- and perirhinal cortex will be mentioned. The entorhinal 
cortex is known to project to areas 51, 32, 25, 23, 24, 29, 35, 
36, 13, 20, 2?, 38 and 41.(Goldman-Rakic et. al., 1984; Kosel 
et. al. 1982; Sorensen, 1985; Van Hoesen, 1982; Witter et. al., 
1986), whereas the perirhinal cortex projects to areas 9, 46, 20-
22, 7 and 18 (Van Hoesen, 1982; Witter et. al., 1986) Thus, the 
entorhinal, and with that an important part of the hippocampal 
cortical output, is disseminated over various primary sensory 
(51, 41), sensory-specific (19-21, 22, 7) and multimodal (9, 13, 
23, 38, 46) association areas. The hippocampus projects to the 
cortical mantle mainly via the entorhinal and perirhinal cortices 
and receives cortical projections in the same fashion. 
Considering the foregoing evidence, it becomes clear that the 
cortical input to the entorhinal cortex (and, indirectly, that to 
the hippocampus) is essentially reciprocal (see also f ία. 2.10). 
2.6.9.3 Subcortical afférents of the parahippocampal cortex 
The following projections mentioned are mainly based on 
retrograde connectional studies in the monkey. Tnsausti et al. 
(1987) found connections originating in various subcortical 
regions: 
In the amygdaloid complex, afférents appeared to originate 
in the lateral nucleus, the accessory basal nucleus, the deep or 
paralaminar portion of the basal nucleus, and the periamygdaloid 
cortex. In general, rostral levels of the entorhinal cortex 
receive a more robust projection from the amygdala than caudal 
levels. At least layer 1 of the entorhinal cortex receives, 
however, an amygdaloid input throughout its length. Moreover, the 
entorhinal- and perirhinal cortices constitute a region of 
potentially extensive interaction between the amygdala and the 
hippocampus, because of convergence of their respective efferents 
in these areas (Saunders & Rosene, 1988). 
The claustrum, which on its turn receives much of its 
afferent innervation trom the neocortex turned out to be a major 
subcortical input to the entorhinal cortex. 
In the basal forebrain, retrogradely labeled cells were 
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observed in the medial septal nucleus, the nucleus of the 
diagonal band and to a lesser extent within the substantia 
innominata (neuronal clusters of the basal nucleus of Meynert). 
In the thalamus, most of the labeled cells were located in 
the midline nuclei. 
In the hypothalamus, most of the labeled cells were located 
in the supramammillary area, but also in the perifornical region 
and in the lateral hypothalamic area. 
The ventral tegmental area also projects to to the 
hippocampus and to the subicular complex (Amarai & Cowan, 1980), 
and may provide a dopaminergic input to these regions (Swanson, 
1982). 
In the brainstem retrogradely labeled cells were found in 
some raphe nuclei (nucleus raphes dorsalis and nucleus centralis 
superior) and in the locus coeruleus. The latter is known to 
provide the major noradrenergic innervation of the hippocampal 
formation and the entorhinal cortex (Lindvall & Bjorklund, 1974) 
2.6.9.4 Subcortical efferente of the parahippocampal cortex 
The parahippocampal cortex (entorhinal- and perirhinal 
cortex) not only serves as a relay to the hippocampus, but also 
has widespread projections to subcortical structures such as the 
striatum, the amygdala, the claustrum, the septum and the 
brainstem. It should be noted that the fibers to the hippocampus 
mainly arise from the superficial layers of the parahippocampal 
cortex, whereas the extrahippocampal projections originate for 
the greatest part in the deep layer (Witter & Groenewegen, 1986). 
All of the entorhinal cortex distributes fibers to the 
(lateral) septum and to the diagonal band of Broca. 
Projections originating in the deeper layers of the 
parahippocampal cortex and ending in the ventral as well as the 
dorsal part of the striatum have been described in the cat 
(Witter & Groenewegen, 1986), as well as in the monkey (Van 
Hoesen et. al., 1981). 
The perirhinal projection has been found to project to the 
periaquaductal gray and to the pons, which may add to the output 
stream from the limbic (i.e. cingulate) cortex to the brainstem. 
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2 . 7 F I G . 1 1 : 1 - 9 : ATLAS OF THE HIPPOCAMPAL FORMATION 
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Fig i l , 1-9 Atlas of the hippocampal formation Equidistant, Kluver-Barrera stained sections from the 
rostral (nr 1) to the caudal (nr 91 portion of the hippocampus retrocomissuralis were projected on 
drawing paper and traced in ink Subfields were delineated according to the criteria as described in the 
text The sections 1-3 represent cross sections through the expanded "pes hippocampi" The dashed lines 
indicate "he borders of the pyramidal layer, the stippled line marks the stratum radiatum which is one of 
the characteristics of CAI when compared to the subiculum 
Abbreviations CAl-4= Cornu Aimoms, subfields 1, 2/3, and 4 C A I ' - Cornu Aiiroonis, subfield 1' 
(only in the rostral sections) C= Parahippocampal Cortex (sections 1 3 entorlunal cortex, 
sections 4-9 perirhinal cortex) FD- Fascia dentata Fiiiibr= Fimbria F o r n Fornix 
HATA Hippocampal Amygdaloid Transition Area (only in the rostral sections) P r e S - Presubiculum 
Sub= Subiculum. Ventr= Ventricle 
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2.8 CONSIDERATIONS ON THE FUNCTIONS OF THE HIPPOCAMPAL 
FORMATION 
2.8.1 Introduction 
There is an abundant amount of literature considering the 
function of the hippocampal formation. It is therefore impossible 
to give a complete overview of what has been written on this 
topic. In this chapter some notions on the possible functions of 
the hippocampal formation that have been formulated earlier will 
be briefly discussed. This will be followed by a survey of some 
clinical cases with lesions limited to the medial temporal region 
that have been described in the literature and that have 
contributed to some understanding of the clinical significance of 
hippocampal (dys)function. Finally, some behavioral data derived 
from experiments in which lesions in the medial temporal region 
were applied in the monkey, will be briefly reviewed. 
2.8.2 History of thoughts on hippocampal function 
In the 191"" century the theory was developed that the 
hippocampus, as part of the so called "rhinencephalon" was an 
important olfactory centre. This theory was based on the findings 
of comparative anatomists that the hippocampus in phylogenesis 
develops in connection with the olfactory portions of the brain, 
and that it usually shows a strong development in macrosmatic 
animals (Brodai, 1947b). Moreover, several cases of subjective 
olfactory sensations, indicated as "uncinate fits" (Hughlings-
Jackson & Stewart, 1899), in some types of epileptic seizures 
appeared to occur with lesions in the uncinate gyrus or its 
neighbourhood (Hughlings-Jackson & Beevor, 1890; Hughlings-
Jackson & Coleman, 1898). A critical evaluation of these 
arguments, however, leaves little reason to support the theory of 
the alleged olfactory function of the hippocampus. In the first 
place, in (microsmatic) man the hippocampus, is absolutely as 
well as relatively the largest found in any mammalian species, 
whereas in anosmatic whalespecies it is still present (Brodai, 
1947a). Secondly, as Brodai (1947b) already argued, fibers from 
the olfactory bulb and the anterior olfactory nucleus have not 
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been traced directly to the hippocampus. Concerning the uncinate 
fits, Brodai (1947b) stated that "no case with a lesion 
restricted to the hippocampus has yet been shown to be 
accompanied by uncinate fits". More recent research has shown 
that the areas in the medial temporal lobe involved in primary 
olfaction are the temporal prepiriform cortex and the amygdala, 
but not the hippocampus (Eslinger et al., 1987). 
The theory that the hippocampus is involved in the 
experience and expression of emotions was introduced by Papez 
(1937). Papez suggested that the hippocampus is involved in 
emotion as a stucture which ιч part of a circuit that is now 
known as the "circuit of Papez": the hippocampus, the mammillary 
body, the anterior thalamic nuclei, the gyrus cmguli and the 
hippocampus. Although Papez admitted that there was no clinical 
or other evidence to support his view, his paper is still one of 
the "classics" of neuroscience because it was "an attempt to 
allocate specific organic units to a larger organization that 
mediates a complex regulatory process as emotion" (Papez, 1937). 
The theory as proposed by Papez seemed to get support by 
experiments performed by Klüver and Bury (1939) in which the 
temporal lobes including the uncus and the greater part of the 
hippocampus of monkeys were removed bilaterally after which the 
behavior changes of these animals was studied. The behavioral 
changes observed in these animals constitute together the so-
called the Klüver Buey syndrome. This syndrome includes the 
following symptoms (Klüver & Buey, 1939): 
-"Psychic blindness", defined as a strong tendency to approach 
animate and inanimate objects without hesitation. 
Strong oral tendencies in examining available objects. 
-"Hypermetamorphosis", defined as a strong tendency to attend and 
react to every visual stimulus. 
-Dissociation of emotional behavior: absence of motor and vocal 
reactions in the presence of anger or fear. 
-Increase of sexual behavior. 
Klüver and Buey interpreted their findings as a confirmation 
of Papez' theory, indicating the hippocampus as the pivotal 
structure in emotional behavior: 
"...In our experiments, the cortical circuit proposed by 
Papez has been definitely interrupted by removal of the 
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hippocampus. The fact that none of the typical symptoms 
appeared in animals in which the hippocampus was left intact 
may also be interpreted as lending further support to Papez' 
theory...." 
Considering the experimental data available at present, however, 
there are arguments that do not support the latter statement (see 
later on in this section). It is very likely that the lesions 
made by Klüver and Buey included the amygdala, an indication of 
which was given by their description of a microscopic examination 
of their monkey nr. 4 (p. 982, Klüver ь Buey, 1939). 
A special mention should be dedicated to 0'Keefe and Nadel 
(1978) who proposed that the hippocampus forms and stores a map 
of an animal's spatial environment. Human cases with hippocampal 
damage, however, may show amnesia for the spatial dimension but 
the amnesia is not limited to this aspect only (see later on). 
From the foregoing it can be concluded that the hippocampus 
is not involved in primary olfaction, nor is it the pivotal 
structure that mediates emotional behavior as has been thought 
for quite some time. Another possible function of the 
hippocampus, namely its involvement in the formation of memory 
traces, has received much attention of anatomical, physiological 
and clinical research in the past years. This will be discussed 
in the following paragraphs, in which the clinical and 
anatomical aspects are emphasized. 
2.8.3 Clinical evidence of involvement of the hippocampus in 
memory formation 
Memory impairment and hippocampal damage have been linked 
since nearly 100 years. Several authors (Zola-Morgan et al., 
1986; Squire, 1987; Amarai, 1987) mention Von Bechterew (1900) as 
the first to associate memory loss with damage to the medial 
temporal lobe, later followed by Grunthal (1947) and Glees & 
Griffith (1952). it should be taken into consideration, however, 
that most of the clinical cases described in the literature 
showed damage that was not strictly confined to the hippocampus 
and that no complete neuropsychological record of memory 
functions in these patients was obtained. A systematic evaluation 
of the consequences of medial temporal brain damage in man was 
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carried out in the ISSO's, when bilateral resections of this 
region were performed in a series of patients in an attempt to 
relieve intractable epilepsy (Scovine & Milner, 1957), or when 
the contralateral hippocampus after a unilateral temporal 
lobectomy turned out to be degenerated (Penfield & Mathieson, 
1974). Since then, more cases of severe amnesia after damage to 
the medial temporal region have been described, for example after 
herpes simplex encephalitis (Damasio et al., 1985), Hodgkin's 
disease (Duyckaerts et al., 1985), cerebral anoxia following 
cardiac arrest which can eventually result not only in amnesia 
but in the broader syndrome of dementia (Volpe & Petito, 1985). 
Two recently described cases in the literature can serve to 
illustrate the clinical consequences when the lesion is confined 
only to the hippocampus. 
Case 1 ("R.B.", described by Zola-Morgan et. al., 1986) was 
52 years old when he developed memory impairment as the result of 
a hypotensive episode that followed cardiac bypass surgery. His 
memory impairment was characterized by the presence of 
anterograde amnesia, i.e. the loss of the ability to learn and 
was readily noticeable in daily lite. On different tests of 
remote memory R.B. performed as well as or better than control 
subjects. Complete histological analysis of his brain revealed a 
bilateral lesion limited to the CAI field of the hippocampus, 
throughout its rostrocaudal extent, without any other lesion that 
could account for the memory disturbance. The amygdala appeared 
normal and completely intact. 
Case 2 ("G.R.", described by Ball, 1988) developed a 
progressive invalidating dementing illness during his middle 70s. 
The clinical diagnosis, supported by neuropsychological testing, 
was: probable senile dementia of the Alzheimer type. At 
histological examination of the left hemisphere, however, the 
hippocampus showed no senile plaques, neurofibrillary tangles, 
granulovacuolar degeneration, or Hirano bodies. A devastating 
dropout of nerve cells accompanied by severe astrocytic 
hyperplasia was apparent in the pyramidal layer of CAI and the 
subiculum. No other histological lesions were found anywhere to 
explain this man's progressive dementia. 
Thus, from the clinical literature it can be concluded that 
damage to the medial temporal lobe, and to the hippocampal 
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formation in particular is sufficient to produce amnesia. The 
terms "amnesia" and with that, "memory", however, are (too) 
aspecific and will further clarified and differentiated. 
2.8.4 What are the specific memory disturbances associated with 
hippocampal damage? 
In order to be able to answer this question, one needs a 
definition of what memory is, and a classification of the 
different categories of memory that can be distinguished. Squire 
(1987), defines memory as "the persistence of newly acquired 
information in a form that can later reveal itself in altered 
behavior", whereas "learning", a concept closely related to 
memory, is defined as "the process by which new information is 
acquired". To these definitions. Squire added that questions 
about memory can be asked at different levels of analysis: from 
questions about the molecular events underlying synaptic change 
to broader questions about the organization of memory in the 
brain and finally about the organization of behavior as a whole. 
Finally, "amnesia", the absence or impairment of "memory", can 
be characterized as an absent or impaired ability to acquire new 
information and by difficulty remembering at least some 
information that was acquired prior to the onset of amnesia 
(Squire & Zola-Morgan, 1985), it can be limited to the capacity 
for learning and memory and need not affect other cognitive 
functions such as attention, perception, or general intellectual 
ability (Squire, 1987a). In this chapter, attention is payed to 
the following questions: how can memory be categorized, and in 
what way is the medial temporal region, more specific the 
hippocampus, involved in these different subdivisions of memory? 
A basic distinction that is often made in the different 
kinds of memory is that in immediate- or sensory memory, short-
term memory and long-term memory. Aside from sensory memory, 
which is sensory specific and lasts for only a second or two 
after registration, memory can be said to remain in a short-term 
store for a minute or two, depending on rehearsal, and then to 
enter the long-term store (e.g. Squire, 1986, 1987). In practice, 
immediate memory is considered a part of short-term memory. The 
term "consolidation" refers to the process by which information 
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is transferred from the short-term to the long-term domain of 
memory, it is in this process of consolidation that the 
hippocampus is thought to play an important role (see later on). 
In addition, a further distinction within the domain in long-term 
memory can be made, namely the distinction between memory for 
skills or procedures and memory for specific facts or data. Cohen 
and Squire (1980) have applied the terms "procedural" and 
"declarative" knowledge respectively to these different types of 
memory. Declarative memory is explicit and accessible to 
conscious awareness, and it includes the facts, episodes, lists 
and routes of everyday life. Procedural memory, however, is 
implicit and accessible only through performanc; it is contained 
within learned skills; in amnesia procedural memory appears to be 
relatively spared. Moreover, declarative memory can be further 
subdivided into episodic memory (specific memory for time-and-
place events) and semantic- or generic memory (referring to 
knowledge of the world, representing organized information such 
as facts, concepts and vocabulary) (Squire, 1986, 1987). 
Although the distinction between declarative and procedural 
memory is tentative, there is reason to assume that the brain has 
organized its information processing functions in a way that 
makes this categorization a useful one, i.e. that these types of 
memory depend on different neuronal circuits (Squire, 1987a). In 
Alzheimer's disease for example, there is a relative preservation 
of procedural memories of both motor and perceptual types, there 
is an intact ability to learn some new skills, whereas the 
category of declarative memory in this disease is severely 
impaired. The declarative knowledge system is likely to be 
associated with corticotemporo/limbic structures, while the 
procedural system appears Lo depend on corticocerebellar/striatal 
structures (Eslinger & Damasio, 1986). 
As has already been noted earlier in this paragraph, the 
medial temporal region, of which the hippocampus forms part, is 
thought to be involved in the process of consolidation of 
information that is present in the short-term compartment of 
memory. This notion is derived from the study of cases with 
bilateral resection of this region during the 1950s, who after 
that developed a lasting amnesia. The most famous of these cases 
is "H.M.", first described by Scovine and Milner (1957), and who 
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continues to be studied (Amarai, lecture 1989). Bilaterally his 
medial temporal lobes were removed, encompassing the hippocampal 
formation, the overlying parahippocampal gyrus and part of the 
amygdala. H.M. shows anterograde amnesia for all sensory 
modalities, and retrograde amnesia exclusively related to 
episodic memories, whereas procedural memory is relatively intact 
without the awareness that learning the skill has taken place. 
More recently, the earlier mentioned case "R.B." (Zola-Morgan et 
al., 1986) revealed that a bilateral lesion limited only to the 
hippocampus proper can produce amnesia. In amnesia caused by a 
lesion of the medial temporal region, general intellectual 
ability, short-term memory and memory for the remote past are all 
intact. Problems arise, however, when more information must be 
learned than can be held in mind all at once ("anterograde 
amnesia"), when distracted from rehearsing, or in recalling 
events that occurred close to the time of the onset of 
amnesia("retrograde amnesia"). Thus, it seems that at the time of 
learning the medial temporal region establishes a functional 
relationship - a relationship that is structurally existent, see 
te chapter on the connections of the hippocampus - with memory 
storage sites, especially in the neocortex, and that when this 
relationship is disrupted, transfer from short-term memory to 
long-term memory cannot take place. This would also mean that. 
the medial temporal region is involved in memory for only a 
limited period of time after learning, but eventually not in the 
storage of memories (Squire, 1987). Considering the cortical 
connections of the hippocampus - there is an intensive 
bidirectional contact with widespread parts of the cortical 
mantle - it is not surprising that the learning and memory 
deficit in case of a bilateral lesion of the hippocampus (and 
adjacent cortices) concerns all modalities (Van Hoesen, 1982) 
2.8.5 Is there a left-right difference in hippocampal function 
in man? 
In the foregoing paragraphs it was concluded that the 
hippocampus has a function in memory formation, but that it is 
probably not the site of storage of memories. A next question 
that arises is, if there have been found any differences in the 
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type of memory being stored with respect to left and right 
hippocampus. Extensive neuropsychological testing of patients who 
underwent left or right temporal lobectomy to treat temporal 
epilepsy revealed that the most basic and significant variable is 
the verbal or non-verbal character of the material to be retained 
(Milner, 1970, 1971), a distinction which is still made in 
neuropsychological literature (e.g. SayJcin et al., 1989). Thus, 
left temporal lobectomy, in the dominant hemisphere for speech, 
selectively impairs verbal memory, regardless of whether the 
material to be retained is heard or read, and regardless of how 
retention is tested. A corresponding removal from the right, non 
dominant hemisphere leaves verbal memory intact but impairs the 
recognition and recall of complex visual and auditory patterns. 
Right temporal lobectomy also retards the learning of tests for 
spatial orientation. On all these nonverbal tasks, the 
performance of patients with left temporal lobe lesions is 
indistinguishable from that of normal control subjects (Milner, 
1970). Unilateral temporal lobectomy typically includes the 
amygdala and parts of the hippocampus and parahippocampal gyrus 
as well as the lateral neocortex. Considering the presumed role 
of the hippocampus as the structure that mediates consolidation 
(verbal or non-verbal) information in the brain, it seems 
therefore likely that the hippocampus is responsible for the 
disturbances in consolidation of the verbal (left side) or non-
verbal/spatial (right side) material. 
2.8.6 Animal models for human amnesia 
As has become clear in the previous sections, the monkey is 
widely used as an animal model for human behavioral qualities. 
Such models should permit the development of ideas about what 
function and what aspect of memory is damaged in amnesia, to be 
linked to anatomy and structure. Some questions about memory 
function can even be explored more thoroughly in behavioral 
studies of monkeys who are amnesic than can be done in humans 
(Squire & Zola-Morgan, 1985). In the human for example, little 
control is possible over variables such as drug administration 
and premortem state, post-mortem delay (Walker et al., 1988), and 
for obvious reasons experimental lesion studies in the human 
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cannot be performed. In this section some experimental lesion 
studies in which in the monkey the hippocamus, amygdala and the 
surrounding entorhinal and perirhinal cortices were removed or 
lesioned, will be reviewed, taking into consideration their 
implications for the thought on hippocampal function. 
When Klüver and Buey (1939) described the effects of 
bilateral temporal lobectomy in the monkey, they emphasized the 
change of emotional behavior, changes in control over impulses 
and sexual behavior, without mentioning any effects on memory. 
They ascribed a great deal of these changes to removal of (parts 
of) the hippocampus. This is a large difference with the 
contemporary theories on hippocampal function, but some 
explanation for this difference can be given. The frame of 
reference in which they made their observations, influenced by 
Papez' theory concerning emotional behavior proposed only two 
years before the publication of their paper, was different as iL 
is now, or, to put it boldly: they did not search for amnesia so 
they did not find it. It was only until the 1950's that the 
earlier mentioned resections on the medial temporal lobe against 
epilepsy were performed on human beings, so that it was only then 
that the consequences (i.e. amnesia) of more or less comparable 
lesions could be observed in man. It is easy to understand that 
the observation of animal behavior is quite different from that 
of humans, with whom experiences can be communicated, whereas 
animal behavior can only be observed and interpreted from the 
outside. It is very likely that with the lesions that Kluvcr and 
Buey described on page 982 of their paper ("...the uncus and 
almost the entire hippocampus were removed..."), the monkeys they 
used for their experiments, with the knowledge that is available 
now, would, beside being emotionally disturbed, also have been 
classified as being amnesic. 
Another "classic" in the literature on animal models of 
amnesia that should be discussed here is the paper by Mishkin 
(1978). In this, he put forward that separate removal of amygdala 
or hippocampus in monkeys produced very little impairment on a 
test of recognition memory which is sensitive for human memory, 
and which is used very often to test monkeys with medial temporal 
lesions: i.e. the delayed no-matchmg-to-sample task. The task is 
thought to assess visual recognition memory, i.e. the ability to 
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recognize objects seen previously. When both structures were 
removed conjointly, a severe impairment was observed, and for 
some time this has been the standard of what was thought about 
the formation of memories in the brain. However, it was later 
argued by, amongst others, Zola-Morgan and Squire, (1986) that 
the results obtained by Mishkin were influenced by the specific 
preoperative training that the monkeys received so that memory 
consolidation had already taken place. This was confirmed by the 
finding that the memory deficit was noticeably greater in monkeys 
with no preoperative training (Zola-Morgan & Squire, 1986), and 
that there was no impairment when extensive preoperative training 
was given (Murray s. Mishkin, 1984). Another factor that could 
have influenced Mishkm's results was the fact that when an 
amygdala lesion is made in the way Mishkin did in 1978, the 
additional damage inflicted when lesioning tho amygdala includes 
most prominently the entorhinal cortex and perirhinal cortex 
(Zola-Morgan & Squire, 1985), structures that provide the major 
input to the (monkey) hippocampal formation (Zola-Morgan et al., 
1988). With a refined lesion technique it has been shown 
recently that monkeys with selective and circumscribed lesions of 
the amygdala show signs of reduced fear (Zola Morgan & Squire, 
1985), but no signs of reduced memory (Alvarez-Royo et al., 1988; 
Zola-Morgan et al., 1988), nor does the addition of a selective 
amygdaloid lesion to a hippocampal- and parahippocampal lesion 
increase the memory impairment associated with the hippocampal 
lesion (Zola-Morgan et al., 1988, 1989). The current theory on 
amygdalar function is that the amygdala is responsible for 
activating or reactivating those mnemonic events that are of an 
emotional significance for the subjects' life history. 
Furthermore, there is evidence suggesting that the amygdala is 
important in establishing associations between a stimulus and its 
affective components (Gaffan & Harrison, 1987). It is noteworthy 
that lesions restricted only to the amygdala do not display the 
typical signs of the Kluver-Bucy syndrome, the complete 
expression of which needs more extensive lesions (Sarter & 
Markowitsch, 1985). 
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2.8.7 Conclusion 
On the basis of literature concerning clinical cases with 
damage to the medial temporal lobe, some of which confined to the 
hippocampus proper (e.g. case "R.B."), and on the basis of 
literature concerning experiments on monkeys in which selective 
lesions of the hippocampus were made, it can be concluded that 
the hippocampus is most likely to be involved in the process of 
consolidation of information from the short-term compartment to 
the long-term compartment of memory. The distinction between 
declarative and procedural knowledge in the long-term domain of 
memory seems to be a valid one and appears LO be mediated by 
different neuronal circuits, taking into account that the 
hippocampus is involved in the consolidation of declarative 
knowledge. It should also be noted that the perirhinal and 
entorhinal cortices provide the major input to the hippocampus, 
and that lesions of these cortices added to lesions of the 
hippocampus increase the memory disturbance caused by lesions 
limited to the hippocampus. On the basis of the reciprocal 
cortical connections of the hippocampus and adjacent cortices it 
follows that the disturbances in learning and memory caused by 
such lesions take place in all sensory modalities. Furthermore, 
neuropsychological evidence exists that on a basic level the 
difference between left and right hippocampus is that the left 
hippocampus is involved in the retention of verbal material 
whereas the right hippocampus is likely to have a function in 
spatial orientation and the recognition of complex visual and 
auditory patterns. 
2.9 DISTRIBUTION OF NEUROPATHOLOGICAL FEATURES WITHIN THE 
HIPPOCAMPAL FORMATION IN ALZHEIMER'S DISEASE AND NORMAL AGING, 
WITH EMPHASIS ON NEUROFIBRILLARY TANGLES AND SENILE PLAQUES, AS 
REPORTED IN THE LITERATURE 
2.9.1 Introduction 
In most cases of Alzheimer's disease, many areas in the 
brain are affected, but the distribution of the most 
characteristic pathologic features of the disease i.e. senile 
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plaques (SP) and neurofibrillary tangles (NFT) is by no means a 
random one. It appears that some cortical areas are largely 
spared whereas other areas are heavily affected. Most of the 
subcortical areas are reportedly unaffected by the pathological 
process. This selectivity appears to be valid within the affected 
areas as well in the sense that certain cells and cell types 
survive while other cells in their immediate neighbourhood are 
largely destroyed. Within the hippocampus, the cytoarchitectonic 
distribution of Alzheimer lesions displays a striking 
topographical selectivity as well. 
The aim of this section is to provide some insight in the 
specific distribution of neuropathology in Alzheimer's disease 
within the hippocampal formation, with emphasis on the 
localisation of SP and NFT, whereas the localisation of other 
neuropathological features seen m Alzheimer's disease, such as 
granuluvacuolar degeneration, Hirano bodies and congophilic 
angiopathy will be commented upon. 
2.9.2 Neurofibrillary tangles (fig 2.5a) 
The NFT is the neuropathological feature that was described 
by Alzheimer (1907) in a 51-year old woman with a dementing 
illness, later called "Alzheimer's disease" by Kraepelin. It іч 
an intracellular, perikaryal accumulation of fibrous material, 
consisting of bundles of filaments that are twisted about each 
other in pairs. These so-called "Paired Helical Filaments" (PHF) 
appear each to be comprised of two filaments approximately 10 run 
wide wound around each other with a cross over approximately 
every 80 run (Kidd, 1963, 1964). The NFT is unique to man, but not 
specific for either aging or Alzheimer's disease, and can also be 
found in, amongst other diseases, Down's syndrome, dementia 
pugulistica and the Guam Parkinsomsm-dementia complex, 
(Wismewski et al., 1979) The density of NFT's in Alzheimer's 
disease is significantly greater than in controls (e.g. Ball, 
1976, 1978; Kemper, 1978). The NFT shows a strong predilection 
for certain cell groups, in cortical structures the hippocampus 
and adjacent entorhinal cortex are invariably mentioned as 
heavily affected by NFT.s. According to Yamada and Mehraein 
(1968) and Tomlinson et al. (1968), the hippocampus is slightly 
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less susceptible to NFT's than the amygdaloid body. Within the 
hippocampal formation there seems to be a specific distribution 
as well, in which some areas show a vulnerability concerning the 
formation of NFT's, whereas other areas remain virtually 
unaffected. Ball (1976) could not find male-female or left-right 
predilection. Several authors have indicated CAI (Sommer's 
sector) and the subiculum as the areas of predilection for the 
formation of NFT in Alzheimer's disease within the nippocampal 
formation, as well as the adjacent entorhinal cortex (Goodman, 
1953; Hirano & Zimmerman, 1962; Yamada Ь Mehraein, 1968; McLardy, 
1970; Ball, 1976, 1977, 1978; Kemper, 1978). More specifically, 
Ball (1978) gives the following sequence of susceptibility within 
the hippocampal formation and the entorhinal cortex in 
Alzheimer's disease: 1): entorhinal cortex, 2): subiculum, 3): 
CAI, 4): CA4, Ь): presubiculum, 6): CA 2/3. Ball also found the 
posterior portion of the hippocampus to be more susceptible to 
NFT than the anterior part of the hippocampus of demented 
subjects. Kemper (1978) found the highest density of NFT in the 
subiculum and CAI with the next highest concentration in the 
entorhinal cortex. Within the entorhinal cortex, however, 
considerable laminar differences in NFT concentration exist: 
conspicuous superficial clumps of large stellate neurons in the 
second layer, sometimes referred to as Arnold's glomeruli, and 
the fourth layer are prone to neurofibrillary tangle formation in 
Alzheimer's disease, whereas other layers show lower NFT density 
(Goodman, 1953; Hirano & Zimmerman, 1962; Hyman et al., 1984; 
Duong et al., 1988). 
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Figs.2.5a (left), and 2.5b (right): 2.5a shows neurofibrillary tangles in Congo Red stained sections under 
fluorescence illumination (400x). 2.5b stows senile plaques in the modified Bielsctowsld stain (400x) 
2.9.3 Senile plaques (fig 2.5b) 
Senile plaques are discrete, roughly spherical structures 
within the neuropil with an average diameter of 70 microns and 
with a maximum of up to 200 microns (Wisniewski & Terry, 1973). 
The typical plaque consists of a central core of amyloid 
surrounded by a corona of reactive astroglial cells, microglia, 
macrophages, degenerating axons, and occasional dendrites. Other 
forms that have been described, probably reflecting different 
stages of evolution of the SP, are the "primitive plaque", the 
"diffuse plaque" and the "burned-out plaque". The "primitive 
plaque" lacks the central core of amyloid and consists of a 
spherical mass of intermixed degenerating neuronal processes, 
amyloid and reactive cells. The "burned-out plaque", the probable 
end stage of the SP (Wisniewski & Terry, 1973), consists only of 
a sharply circumscribed granular deposit of amyloid. The "diffuse 
plaque consists of loose bundles of amyloid fibrils scattered 
among morphologically normal neurites (Yamaguchi et al., 1988). 
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The SP is found not only in Alzheimer's disease, but also in 
normal aging and in diseases such as Down's syndrome, Pick's 
disease (Wisniewski & Terry, 1973), Guam ALS-Parkinson-dementia 
complex (Mirano et al., 1966), and Creutzfeldt-Jakob disease 
(Traub et al., 1977). As an age-related change, plaques occur in 
small numbers with an apparent predilection for the neocortex, 
and a first appearance in the occipital lobe (Tomlinson et al., 
1968a). With increasing age, there is an increasing incidence of 
SP, about two thirds of all cerebra show SP by the ninth decade 
(Jordan, 1971). In the neocortex of patients dying with 
Alzheimer's disease, the association areas of the temporal, 
parietal, and frontal lobes are severely involved, whereas the 
motor, somatic sensory and primary visual areas are virtually 
unaffected (Pearson et al., 1985). The affected neocortical areas 
mostly show a higher concentration of SP than the various areas 
comprising the hippocampal complex (Goodman, 1953; Yamada & 
Mahraein, 1968; Hooper & Vogel, 1976) . Within the hippocampal 
formation, the plaque density is found to be high in the 
molecular layer of the fascia dentata (Hyman et al., 1986; Grain 
& Burger, 1988), which is the terminal zone of the perforant 
pathway. Of the remaining cytoarchitectonic subfields of the 
hippocampal formation, CAI and the subiculum show the most 
common involvement, whereas CA?./3 and СЛ4 are reported to remain 
relatively spared. Within CAI and the subiculum, SP's, like in 
the fascia dentata, also seem to be predestined to accumulate in 
the molecular layer altough they are reported Lo appear in all 
layers (Hyman et al., 1985; Grain £, Burger, 1988). It is known 
that the molecular layer of these areas also receives fibers from 
the perforant path, and thus from the entorhinal cortex. 
In the second layer of the entorhinal cortex ("Arnold's 
glomeruli"), invariably heavily affected by NFT's in Alzheimer's 
disease, the presence of SP's is relatively rare (Goodman, 1953), 
whereas the entorhinal cortex as a whole seems to be less 
affected by SP than the most heavily involved neocortical areas. 
The SP in the entorhinal cortex seem to be concentrated in layer 
3, while the other layers show a less dense population of SP 
(Van Hoesen et al., 1986). 
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2 . 9 . 4 N e u r o n a l c e l l l o s s 
Much r e s e a r c h h a s a l r e a d y b e e n p e r f o r m e d on t h e s u b j e c t of 
n e u r o n l o s s i n v a r i o u s b r a i n s t r u c t u r e s i n n o r m a l a g i n g and AD 
and SDAT ( f o r r e v i e w , s e e Coleman & F l o o d , 1 9 8 7 ) . For t h e 
h i p p o c a m p a l f o r m a t i o n , n e u r o n l o s s h a s b e e n r e p o r t e d i n normal 
a g i n g a s w e l l a s i n AD and SDAT. I n n o r m a l a g i n g , most of t h e 
d a t a s u g g e s t a l o s s of h i p p o c a m p a l p y r a m i d a l n e u r o n s of t h e o r d e r 
of 3%-9% p e r d e c a d e ( t a b l e 2A). I n t h e f a s c i a d e n t a t a , a 
s i g n i f i c a n t l o s s of g r a n u l e c e l l s i n n o r m a l a g i n g c o u l d n o t be 
found ( M o u r i t z e n - D a m , 1 9 7 9 ) . I t h a s f u r t h e r b e e n e s t i m a t e d t h a t 
AD p a t i e n t s may l o s e 57% of t h e i r h i p p o c a m p a l p y r a m i d a l n e u r o n s 
o v e r a t i m e p e r i o d of 20 y e a r s s o t h a t t h e s l o p e of a g e r e l a t e d 
n e u r o n l o s s i s c o n s i d e r a b l y g r e a t e r i n AD t h a n i n n o r m a l a g i n g 
( B a l l , 1 9 7 7 ) . S t u d i e s c o n c e r n i n g n e u r o n l o s s i n AD compared w i t h 
a g e - m a t c h e d c o n t r o l s a r e summarized i n t a b l e 2B. 
TABLE 2a: Decrease per decade in neuronal density in the hippocanpal formation in normal aging reported in 
Uie literature. 
Hippocampus 
Reference Proper Subie? CAI0"' т/У°° CA4 
Anderson e t . a l . ( Ш З ) 8.7».* 
Bal l (1977) 5.4H 
Mouritzen-Dam (1979) 5Ц 3.6U 2.Ш 
Miller et.ai. (1984) ìM 
Mann et.al.(1985) 6.2>J 
Legend: see table 2b. 
TABLE IB: Decrease in neuronal density in AD compared with age-matched controls reported in the 
literature. 
Hippocampus 
Reference Proper Subic.G CAI"' CA2/3°' CA40 
35-43%* 
33U 
43». 
m 28% 11% 11% 
Table legend 2a and 2b: @:Subiculum may correspond to HI of Ammon's hom; "': CAI largely corresponds to 
HI; * · : CA2/3 largely corresponds to нг.НЗ and H5; ': CA4 largely corresponds to H5.(CAl-4 refers to the 
nomenclature by Lorente de So (19341, H1-H5 to that by Rose (1927)). #: Statistical significance beyond 
the 0.05 level; *: No statistical test performed. (Tables 2A and 2B adapted from Coleman & Flood, 1987). 
Shefer (1973) 
Hubbard et.al.(1981) 
Ball (1977) 47t# 
Mann et.al.(19B5) 
Doebler et.al.(l987) 20% 
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2.9.5 Granulovacuolar degeneration 
Granulovacuolar degeneration (GVD), although reported to be 
unique to man, is not unique to aging or Alzheimer's disease and 
has also been reported in the Guam ALS-Parkinsonism-dementia 
complex (Hirano et al., 1961), supranuclear palsy (Steele et al., 
1964) and Down's syndrome (Ellis et al., 1974). It manifests 
itself as a neuronal intracytoplasmatic vesicle measuring 1 to 5 
microns in diameter. It was first described by Simchowicz in 
hippocampal pyramidal cells in senile dementia (Simchowicz, 
1911). The site of prediliction for GVD is the CAI area or 
"Sommer's sector" (e.g. Tomlinson et al., 1968b; Ball & Lo, 
1977), particularly in the posterior part of the hippocampus 
(Ball & Lo, 1977). In AD the concentration of cells showing GVD 
is markedly higher than in normal aging (Tomlinson & Kitchener, 
1972), with spread of GVD to other fields of the hippocampus, 
particularly the subiculum, whereas it is rare in other parts of 
the brain. The relationship of GVD to SP, NFT and neuronal cell 
loss is not clear, although there is a usual association; 
Tomlinson et al. (1968b) could not find a clear relationship 
between the density of GVD and that of NFT and SP, while Ball 
(1977) and Ball and Lo (1977) found a correlation between the 
concentration of GVD and both NFT and cell loss. 
2.9.6 Hirano body 
Like GVD, the Hirano body is not unique to either aging or 
Alzheimer's disease, and has been described in Pick's disease 
(Rewcastle & Ball, 1968), and the Guam ALS-Parkinsonism-dementia 
complex (Hirano, 1965). The Hirano body is an eosinophilic, 
spindle shaped, fusiform, or spheroidal intracytoplasmatic 
inclusion. In cross sections these bodies meaure up to 15 microns 
in diameter, and in longitudinal section up to 30 microns in 
length. In Alzheimer's disease there is a higher concentration of 
Hirano bodies when compared to age-matched controls, although 
there is a broad overlap between these two groups (Ball, 1978). 
There is also, like GVD, a striking prediliction for the CAI area 
(Hirano, 1965; Ball, 1978), although there is no known relation 
between these two neuropathological entities. 
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2.9.7 Lipofuscin 
Lipofuscin serves the function of a depot or storehouse of 
mdigestable unexreted cellular wastes primarily consisting of 
intracellular membranes. The accumulation of lipofuscin appears 
to be primarily a time marker (Brizzee et al., 1974, Sohal & 
Wolfe, 1986). There is no evidence that presence of lipofuscm in 
the cytoplasm decreases cellular function (Sohal & Wolfe, 1986). 
In hippocampal pyramidal neurons, as in neurons in other parts of 
the brain, the increase in lipofuscin is linear with increasing 
age; there is no increase in its storage in nerve cells of the 
human brain in Alzheimer's disease as compared to conLrols (Mann 
& Sinclair, 1978), whereas no topographical relationship seems to 
exist between Alzheimer's disease and the storage of lipofuscin 
(Kurucz et al. 1981). Within the hippocampal formation there is a 
differential accumulation of lipofuscin in the different areas: 
CA2/3 and the subiculum accumulate a large amount, whereas CAI is 
commonly not involved at all, CA4 has an intermediate place in 
thJS sequence. It is mteresLmg to note that this sequence is 
quite different from that of other neuropathological features, in 
which CAI appears to be invariably most intensely involved. This 
could indicate that lipofuscinosis does not necessarily represent 
a phenomenon of cell degeneration (Meencke et al., 1983). 
2.9.8 Congoph i 1i с angiopathy 
Amyloid infiltrates in the brain confined to the wall of 
small blood vessels with the glial limiting membrane preserved, 
are referred to as congophilic angiopathy (CA) (Pantelakis, 
1954). It is a common but not consistent finding in Alzheimer's 
disease (Mandybur, 1975), although m most studies it is 
indicated to be more frequent in Alzheimer's disease as compared 
to controls. A close relationship of СЛ with SP has been 
postulated (Oppenheim, 1909). However, in several studies the 
incidence of CA in Alzheimer's disease was lower than that of SP 
(e.g. Monmatsu et al., 1975;). Although CA can be detected m 
the hippocampal formation, there is no special preference of 
congophilic angiopathy to occur m it. 
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2.10 AIM OF THE STUDY 
In chapter 1 of this thesis, a brief overview was given of 
the literature on the hypotheses on the possible etiology and 
mechanisms of progression of AD. In chapter 2, the literature on 
the structure, connections, and probable functions of the 
hippocampal formation was disussed. Moreover, the distribution 
pattern of the neuropathology of AD in that part of the brain was 
considered, with emphasis on the three neuropathological 
features that are investigated in this study i.e. senile plaques, 
neurofibrillary tangles and neuronal loss. It should be noted 
that this was done from a neuroanatomical perspective, that is: 
from a structural and connectional point of view. The main point 
of view presenting itself from this approach is that AD 
preferentially affects neuroanatomically defined structures with 
a close adherence to the borders of these structures, and that AD 
affects only specific connections, leaving other structures and 
connections intact. Starting from this viewpoint, the following 
questions are asked in this thesis: 
1) Which changes occur in the hippocampus during normal aging? 
2) Can hippocampal changes during normal aging be correlated with 
changes in areas that directly project to the hippocampus? 
3) What is the distribution profile of the neuropathological 
markers of AD within the hippocampal formation as regards the 
different subfields and the layers of these subfields? 
4) Are there left-right differences or rostrosaudal differences? 
5) Is there a relation between the distribution profiles of 
senile plaques and neurofibrillary tangles as found in normal 
aging and in AD? 
6) Does the distribution profile of the pathological markers 
studied suggest a dissemination of the disease originating from: 
a) cortical areas other than the hippocampal formation? 
b) the hippocampal formation? 
c) subcortical areas? 
7) Can the distribution of AD pathology within the hippocampal 
formation be correlated with the intrinsic and/or extrinsic 
hippocampal circuitry? 
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8) Is it possible to formulate, on the basis of the findings 
reported in this thesis, new concepts with regard to the neural 
substrate of memory? 
CONTENTS OF CHAPTER 3 
3.1 Microscopy 
3.2 Macroscopy 
3.3 Histological procedures 
3.4 "Systematic random sampling" 
3.5 Surface areas of hippocampal subfields per section 
3.6 Senile plagues 
3.7 Neurofibrillary tangles 
3.8 Neuronal densities 
3.9 Towards neuronal numbers per hippocampus 
3.10 The shape and size of the normal hippocampus 
3.11 The volumes of Lhe sampled hippocampal subfields 
3.12 Calculation of neuronal numbers 
3.13 Statistical analysis 
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3 MATERIALS AND METHODS 
In the present study, the hippocampi of the brains of four 
cases of AD and SDAT and three age-matched non-demented controls 
were examined. The clinical diagnosis of probable AD or SDAT was 
confirmed by an experienced neuropathologist, according to 
Khachatunan's criteria (Khachatunan, 1985). The control 
patients had no evidence of neurological or psychiatric disease. 
The available clinical and pathological data are summarized in 
table 3.1. Of one SDAT case (number 7) the right hippocampus was 
not included in this study because of poor tissue quality that 
did not allow reliable area measurements. Thus, a total of 13 
hippocampi was examined in detail for the presence of 
neuropathological markers. In order to make statistical 
evaluation possible, the AD and SDAT cases were considered as 
one group (AD), since the number of brains available for this 
study was too small to allow non parametric tests for AD or SDAT 
hippocampi separately. 
For a macroscopic morphometnc analysis ot the hippocampus, 
thirty eight hippocampi of twenty three cases without neurologic 
or psychiatric symptoms prior to death were investigated (see 
table 3.2). This macroscopic investigation was carried out in 
order to determine the average value and variability of several 
morphometnc parameters, such as the overall length, the ratio of 
the length of the pes and the total hippocampus, and the ratio 
between the length and "thickness" of the hippocampus. This was 
done as a basis for the estimation of the absolute numbers of 
pyramidal neurons that were estimated in the cornu ammonis and 
the subiculum, as will be explained later. 
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Table 3.1: Bram material data of control and AD and SDAT cases 
case 
diagnosis 
1 С 
2 С 
3 С 
4 AD 
5 AD 
6 SDAT 
7 SDAT 
sex 
F 
И 
F 
F 
H 
F 
M 
age 
(years) 
60 
69 
69 
65 
69 
76 
82 
brain-
weight 
(grams) 
1162 
1200 
1185 
865 
1077 
N.A. 
1353 
fixation 
time 
(months) 
5 
9 
5 
9 
1 
4 
5 
post mortem 
delay 
(hours) 
14 
50 
40 
<12 
<12 
5 
<14 
cause of 
death 
Sepsis 
Trauna 
Renal failure 
Sepsis 
Cachexia 
Renal failure 
Cardiac failure 
Table 1: Brain material used for quantitative microscopic 
examination. 
Listed are: case number, neuropatholoqical diagnosis, sex, age, 
brain weight, fixation time, post mortem delay, and cause of 
death. Abbreviations: С = Control; AD = Alzheimer's disease; F = 
female; M = male; y = years; m - months; h = hours; N.A. = Not 
Available 
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Table 3.2. Brain m a t e r i a l used for t h e d e t e r m i n a t i o n of 
macroscopic morphometric hippocampal parameters 
Case- Availability: 
number Sex Age Right hipp. Left hipp. Cause of death. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
F 
F 
F 
F 
F 
F 
F 
M 
M 
F 
И 
M 
F 
F 
M 
M 
F 
H 
F 
M 
H 
F 
F 
80 
93 
83 
84 
74 
78 
88 
78 
94 
75 
80 
79 
87 
83 
83 
79 
78 
81 
82 
94 
71 
72 
83 
+ 
-
+ 
+ 
-
+ 
+ 
4-
+ 
+ 
+ 
+ 
-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
+ 
+ 
+ 
+ 
+ 
+ 
i 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
t 
-
+ 
-
+ 
+ 
-
-
Cardiac failure 
Cardiac failure 
Pneumonia 
UnJcnown 
Cardiac fa i lure 
Myocardial infarction 
IMnown 
Chronic aspecific respiratory disease 
Cardiac fa i lure 
Cachexia due to malignancy 
Pneumonia 
Trauma 
Unknown 
Untnown 
Carcinoma of the bladder 
Myocardial infarction 
Leutema 
Cardial astima 
Myocardial infarction 
Cardiac a r r e s t 
Cardiac a r r e s t 
Cardiac fa i lure 
Myocardial infarction 
87 
3.1 MICROSCOPY 
The following subfields of the hippocampal formation were 
investigated, using the cytoarchitectonic criteria as defined by 
borente de No (1934), and later somewhat adapted by Stephan 
(1975), the precise cytoarchitectonic properties of which were 
described earlier in this thesis : 
-CA4, in the hilus of the fascia dentata. 
-CA2 and CA3 were taken together: a reliable delineation between 
these two areas is impossible to perform (Stephan, 1975); 
-CAI ; 
-Subiculum; 
-Presubiculum. The subdivision oí this area into "zona medialis" 
and "zona lateralis" , as described by Stephan (1975), was not 
made in the present study. 
-Entorhinal Region, subdivided into the 
-Entorhinal Area -Pars Medialis 
-Pars Lateralis 
(Covering the anterior part of the parahippocampal gyrus, 
and laterally delineated by the rhinal sulcus) 
-Perirhinal Area. 
(Covering the posterior part of the parahippocampal gyrus, 
and laterlally delineated by the collateral sulcus) 
It should be called to mind that the term "hippocampus" refers to 
the "hippocampus proper" or "cornu ammoni s", consisting of the 
different, cytoarchitectonically defined subfields CAI to CA4 
(borente de No, 1934), whereas the term "hippocampal formation" 
also includes the subiculum and the fascia dentala (Rosene & Van 
Hoesen, 1987). 
3.2 MACROSCOPY 
The anterior end or head of the hippocampus is expanded to 
form the "pes hippocampi", and this "pes" represents about one 
third of the total length of the hippocampus (Gertz et al.. 1972; 
Cassell ь Brown, 1984). The middle third part of the hippocampus 
is sometimes referred to as the "body", and the caudal third part 
as the "tail" or "cauda". For convenience, in the present study, 
body and tail together are referred to as "cauda". For all 
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parameters, values were calculated separately for the pes and 
cauda hippocampi. 
3.3 HISTOLOGICAL PROCEDURES 
Brains were fixed in toto in 4% formaldehyde with a fixation 
period of several months, except for one brain that was processed 
earlier (table 1). Post mortem delays varied from Ь to 50 hours. 
A fixation time of 5 months is optimal, because after this time 
variation in tissue swelling and shrinkage due to fixation has 
ceased and a stable volume has been obtained. Different tissue 
processing can possibly result m different tissue shrinkage and 
eventually different volumes of brain structures. Moreover, the 
pathological process itself can also affect volume (Sass, 1982; 
Haug et al., 1984; Haug, 1985). 
The postmortem interval between death and fixation or 
freezing of brain tissue (in this study varying from 5-50 hours), 
is not only important for neurochemistry (compound levels quickly 
drop in a few hours and some even in a few seconds), but can also 
affect morphological parameters. For instance, autolysis is a 
common artefact from delayed fixation in Nissl stained sections, 
and it can lead to the more confusing microscopie sponginess as a 
result of cellular désintégration. All brains listed in Table 1 
showed no autolysis in Nissl and Kluver-Barrera staining and thus 
were suitable for examination. However, one brain considered (not 
listed) showed severe autolysis after a postmortem delay of 72 
hours. 
After embedding in paraffin, serial sections with a 
thickness of 20 \im were cut using a Jung 2050 microtome. The 
hippocampal formation was cut perpendicularly to its longitudinal 
axis. Sets of sections were stained at regular intervals of 800 
lim throughout the rostrocaudal extent of the hippocampal 
formation with the following methods. 
1) KlUver-Barrera stained sections were used for 
identification and delineation of the different subfields as 
described above. 
2) A modified Bielschowsky (reformed Gros-Schultze's 
modification) method (Bielschowsky, 1904; Yamamoto & Hirano, 
1986) was used to examine and count senile plaques. This method 
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has proven to be much more sensitive than the widely used Bodian 
stain for the staining of SP's (Yamamoto & Hirano, 1986; 
Yamaguchi et al., 1988), and more sensitive (for SP's) than the 
Congo red stain. The latter, however, was the method of choice 
for the examination and counting of neurofibrillary tangles under 
fluorescence illumination since it selectively stains amyloid 
(Puchtler, 1962, 1965). 
3) The Congo red stain was chosen for identification and 
quantification NFT's on the basis of a pilot study, executed m 
our laboratory (Lubbers, 1988), in which Thioflavine S (Kelenyi, 
1967) and the silver staining according to Gallyas (1971, 1986) 
were compared with the Congo red staining method, and in which it 
turned out that Congo red demonstrated the NFT's optimally. 
4) Neuronal nucleoli were counted in the Nissl stained 
sections. 
3.4 "SYSTEMATIC RANDOM SAMPLING" 
For populations which cannot be counted completely, like 
hippocampal plaques, tangles and neurons, it is necessary to get 
a representative sample of thp structure of interest. To 
mimmalize bias, the sampling, in case of hippocampal sections 
and fields within sections, should be basically randomized Such 
a procedure, which requires that the samples should be taken 
independently from each other, is called "simple random sampling" 
(Weibel, 1979). However, independent samples are proned to 
cluster in certain regions, whereas other regions are 
undersampled. This disadvantage of simple random sampling can be 
overcome by spacing the samples in a more or less regular fashion 
m order to get a more regular sample of the entire structure. 
This systematic approach, with a random start and regular 
intervals is called the "systematic random sampling" method, 
which has been both theoretically (Cochran, 1953) and 
experimentally (Ebbeson and Tang, 1967) proven to be superior to 
simple random sampling. The latter authors (1967) have shown 
that the standard error of the number of nucleoli within one 
section is nearly ten times larger when the microscope fields 
are obtained by simple random rather than systematic sampling. A 
further decrease in the standard error can be effectuated by 
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investigating equidistant sections, or, in other words, by 
applying a M2-dimensional systematic sampling" method, which is 
the case in the present study, that is, as far as the 
quantification of tangles and neurons are concerned. 
Gundersen and Jensen (1987) developed formulae to predict 
the validity of the 2-dimensional systematic sampling design. 
Applied to the actual situation in the present study, the number 
of neurons counted per subfield per hippocampus did not exceed 
1000, leading to a coefficient of error varying between 0.05 and 
0.1, or, alternatively speaking, a reliability between 90%-95%, 
which is large enough to substantiate the differences in neuron 
numbers found in AD and controls (see later on). 
The neuron and tangle counts were performed at a χ 400 
magnification, using an ocular grid with a quadranL area of 250 χ 
250 \im' The tangles or neuronal nucleoli hitLmg the boundaries 
of the grid were dealt with according to the exclusion principle 
of Gundersen (1977). Samples were taken by moving the microscopic 
stage in a meander like way by a systematic scheme at intervals 
of 1 mm (see fig. 3.1). The first sample in each section was 
taken randomly; from fig. 1 it follows that the following samples 
were dependent on this first sample. Tangles and neuronal 
nucleoli were counted only when the previously determined 
pyramidal layer was hit by the graticule. This method resulted in 
an average sample number of +150 samples per total hippocampus. 
The advantage of this "systematic random sampling" moLhod іч 
discussed above. 
3.5 SURFACE AREAS OF HIPPOCAMPAL SUBFTELDS PER SECTION 
To relate counted numbers of plaques, tangles and neurons 
with the area of tissue present in the sections selected lor 
analysis, the surface areas of several hippocampal subfields in 
these sections were deLermmed m the following way. 
The cross sectional surface area of varnous layers and 
subfields was estimated by randomly placing a systematic set of 
points on a microscopical projection - perpendicular to the 
projection surface - of a hippocampal section and counting the 
number of points lying over the area of interest (see fig. 1). 
The area associated with each point in the systematic point set 
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Fig. 3.1: Systematic random scheno 11), and point counting method (2) as described in the text. Both grids 
are virtually extended over the entire microscopic section. Each square in (1) represents a microscopic 
field (1/16 mmM. In this way, neuronal densities and neurofibrillary tangles were investigated. The grid 
as shown in (2Ì is placed over the projection of the microscopic section (with a known magnification) 
and t h e number of p o i n t s o v e r t h e a r e a p r o f i l e can be u s e d t o 
make an e f f i c i e n t u n b i a s e d e s t i m a t i o n of t h e s e c t i o n a l a r e a 
( G u n d e r s e n & J e n s e n ( 1 9 8 7 ) . 
B e c a u s e of t h e s e m i c i r c u l a r r a t h e r t h a n l i n e a r s h a p e of t h e 
h ippocampus i t t u r n e d o u t t o be i m p o s s i b l e t o c l e a r l y d e l i n e a t e 
t h e h i p p o c a m p a l s u b f i e l d s a s d e s c r i b e d above i n t h e m i c r o s c o p i c 
s e c t i o n s a t t h e e x t r e m e r o s t r a l and c a u d a l p o l e s of t h e 
s t r u c t u r e . T h e r e f o r e , t h e a r e a from which r e p r e s e n t a t i v e samples 
c o u l d b e o b t a i n e d was r e s t r i c t e d t o t h e r e g i o n c a u d a l t o t h e 
f i r s t s t a i n e d s e c t i o n i n which t h e f a s c i a d e n t a t a was v i s i b l e , up 
t o t h e l e v e l 3 t i m e s t h e pes l e n g t h c a u d a l l y . In p r a c t i c e , t h e 
f i r s t s e c t i o n of t h e t i s s u e b l o c k t o be s t a i n e d was randomly 
c h o s e n , a f t e r which f o r n e u r o n a l c o u n t s e v e r y SO" 1 s e c t i o n of 20 
Mm was a n a l y z e d . A f t e r t h a t , t h e number N of e q u i d i s t a n t (1600 
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цт) sections within the "Pes hippocampi", easily recognisable in 
the microscopic section by the "duplicated" fascia dentata, was 
obtained. The last section of the hippocampal formation sampled 
was then defined as the SN 1" section, thus getting a number of 
12 to 18 equidistant (1600 цт) sections per hippocampal 
formation. 
3.6 SENILE PLAQUES 
For the quantification of senile plaques (SP) a modified 
Bielschowsky stain was used (Bielschowsky, 1904; Yamamoto, 1986). 
Estimations for plaque density, expressed as the number of SP 
profiles counted (N) in a square mm of a section of 20μ 
thickness was obtained in the following way. Each of 6-9 
sections of the hippocampi selected was projected perpendicularly 
on drawing paper with a linear magnification of 20 χ (areal 
magnification of 400 x). From these Protections, drawings were 
made in which the different subfields were delineated and SP's 
were plotted from the fascia dentata up to the presubiculum. With 
the "point counting" method the cross sectional area of the 
different subfields was determined. From the drawings the plotted 
SP's were counted per subfield and division by the areal surface 
led to estimation of the density of plaques, either per section, 
per rostral or caudal half of the hippocampus, or for the 
hippocampus as a whole. 
From the parahippocampal cortices (entorhmal cortex in the 
rostral part and perirhinal cortex in the caudal part), plottings 
were made of columns of approximately 2mm. width (through all 
layers of the cortex) in the medial (near to the presubiculum) 
and lateral zone (near to the collateral sulcus) with an linear 
magnification of 49.5 χ (- areal magnification of 2450.25 x). In 
each column, the number of plaques and the surface area of these 
columns were determined and divided to obtain an estimation of 
plaque density, expressed in number of plaques per sq.mm. 
3.7 NEUROFIBRILLARY TANGLES 
Per hippocampus 6 - 9 equidistant, Congo red stained 
sections throughout the rostrocaudal extent were examined 
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microscopically with a χ 400 magnification under fluorescence 
illumination in the "systematic random sampling" method described 
above, ι.e by moving the microscopic stage in a meander like way 
by a systematic scheme at intervals of 1 mm (see fig.l). The 
fascia dentata was not included since preliminary microscopic 
examination showed that the granule cells of this structure do 
not contain neurofibrillary tangles, which is in accordance with 
earlier observations (see: Dickson et al., 1986; Hyman et al., 
1988) . 
In the parahippocampal cortices (entorhinal cortex in the 
rostral part and perirhinal cortex in the caudal part), NFT's 
were counted within columns of 2Ь0цт width throughout the 
cortical thickness in the medial - (close to the presubiculum) 
and lateral parahippocampal cortical zone (close to the 
collateral sulcus). Tangle quantities in the different subfields 
were expressed as mean number of NFT's per square mm (density). 
3.8 NEURONAL DENSITIES 
Of the areas of interest described earlier in this section, 
some had to be excluded from the determination of cell densities 
and numbers because of the following methodological problems. The 
fascia dentata was not examined because the constituent granular 
cells were too small compared to the section thickness, resulting 
in overprojection of two or more neurons, preventing neurons from 
being counted reliably. The presubicular region (including the 
pre- and parasubiculum) was excluded for the same reason, and in 
addition because of difficulties in the distinction of the very 
frequently present glial cells and (also numerous) small neurons 
in this particular area. The entorhinal cortex was not included 
in the determination of cell numbers because in the literature 
there exists no clear and unambiguous definition and delineation 
of it, so that absolute numbers cannot be obtained. 
Quantitative analysis of neurons was carried out by 
counting neuronal nucleoli. The major advantage of the nucleolus 
is its small size, rendering the possibility of its splitting 
during sectioning and so double counting very small. (Weibel, 
1979). This is of great advantage in calculating volume densities 
from areal density which is necessary to be able to calculate 
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absolute neural numbers. However, several assumptions underlie 
the use of nucleoli for counting neurons. The first of these is 
that the neurons in the hippocampal pyramidal layer contain 
consistently only one nucleolus per neuron and not more but also 
not less. Secondly, the degree of splitting and subsequent double 
counting should be known for precise estimation. Concerning the 
first assumption: during careful observations in the pyramidal 
layer of the hippocampus, neither binucleolated neurons nor non-
sectioned neurons without nucleoli could be demonstrated. 
Concerning the splitting of nucleoli: Vogels et al. (1989) have 
recently claimed, that nucleoli are not transected but pushed 
aside by the microtome knife in parrafin embedded tissue. 
Consequently, the nucleoli remain uncut in paraffin sections 
with a thickness of > 10 цт (Vogels et al., 1989). Taking these 
findings together, it can be concluded that the nucleolus can be 
used as a sample item without introducing major biases, (Vogels, 
1989). Even when splitting would occur, it would not cause a 
deviation of more than 5% in 20μ sections. 
The mean density D of neurons, expressed as neuron number 
per suface area of section in sections of 20μ thickness (N/nrnT ) 
per hippocampal subfield, or per rostral or caudal part of each 
subfield was obtained by the formula: 
L) ~ IM я .unii 1 и / A ^ ^ m p i e , 
In which: Nsjimpie = Mean number of neurons per sample 
„^«„,„,,1«, = Area of the sample = 250цт χ 250цт 
3.9 TOWARDS NEURONAL NUMBERS PER HIPPOCAMPUS 
In the previous literature on neuron numbers in AD, neuronal 
quantities were invariably expressed as numerical densities i.e. 
number of neurons per unit volume (N/mm3), or number per unit 
area per section (N/mm2). It was recently pointed out that the 
main bias of these studies is the disregard of changes in the 
volume of the brain structure of interest (Braendgaard S. 
Gundersen, 1986, Pakkenberg & Gundersen 1988). For instance, a 
decrease in neuronal density can actually mean an increase in 
neuronal number when the volume increase of a structure is larger 
than the decrease in density. Thus, it is necessary to consider, 
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apart from neuronal density, also the volume of the structure 
under study to obtain an estimation of cell loss. With respect to 
the volume of the hippocampus in AD and controls, the following 
may be noticed: 
1) In AD, in the temporal lobe, of which the hippocampus forms 
part, a volume shrinkage of the temporal cortex of 18-20% 
compared to controls of the same age was found (Hubbard & 
Anderson, 1981), whereas in another report a weight reduction of 
26% of the hippocampus in 6 Alzheimer cases compared with 
controls was found (Najlerahim & Bowen, 1988). 
2) Age dependent embedding shrinkage of brain tissue during 
tissue processing occurs (Sass, 1982) 
Taking these phenomena into consideration it is easy to sep 
that the data presented in earlier studies concerning neuron 
loss, expressed as decrease of numerical density might well be an 
underestimation of the actual total neuronal loss. 
In the present study it will be attempted to give an 
estimation of absolute cell numbers in the different subfields of 
the hippocampus in normal aging, and AD, taking into account 
neuron density as well as tissue volume, combination of which may 
result in an estimation of the total neuron number in the 
structure of interest, i.e. the hippocampus. 
3.10 THE SHAPE AND SIZE OF THE NORMAL HIPPOCAMPUS 
The main problem in the estimations of total neuron numbers 
in the different subfields of the hippocampus, is that both the 
caudal ends of various subfields, as well as their precise 
rostral extension cannot precisely be determined. Caudally, the 
hippocampal subfields gradually decrease in the transverse 
sections, and their mutual boundaries cannot be determined 
clearly. In fact, they always continue beyond the dissected 
tissue block, behind the splemum corpus callosum. Thus, the 
precise caudal continations of various subfields, although they 
may be small, remain unknown. Rostrally, uncertainties in the 
precise volume of hippocampal subfields are caused by tangential 
section; the various sublayers through this curved region cannot 
be delineated with certainty. The only part which can be sampled 
and delineated with certainty is the region between the first 
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section between the fascia dentata in the pes, the pes region 
itself up to the end of the double sectioned fascia dentata, and 
the cauda up to two times the pes length more caudally. 
The following attempt has been made to relate the volume of 
the sample area to the total volume of the hippocampal subfields, 
and thus to relate the neuronal numbers counted in the sample 
region and that of the total hippocampus. A morphometric study of 
the vanatnlity in the macroscopic dimensions of the hippocampus 
and the pes hippocampi in normally aged controls was performed. 
Particular emphasis was paid to the relation of the length of the 
pes hippocampi with that of the total hippocampus. If the length 
of the pes hippocampi forms a constant fraction of the total 
length of the hippocampus, it will be possible to define a sample 
region with a constant relation with the total hippocampal volume 
on the basis of the pes length. For this purpose, the thirty 
eight hippocampi listed in table 2 were macroscopically and 
morphometncally analyzed by calculating the following ratio 
(fig.3.3)• 
Length of pes hippocampi 
Length of total hippocampus 
This macroscopical analysis of the hippocampus revealed that 
the length of the pes hippocampi varies from 1.2 cm. to 1.8 cm., 
the total length of the hippocampus from 2.0 cm. to 3.1 cm.. The 
ratio pes length : total length closely approximates 1 . 3 (0 34 
+ 0.04), witout left-right or male-female differences (fig. 
3.2a), whereas a positive correalation (r = 0.67) was found 
between the length of the pes hippocampi and the total length of 
the hippocampus (fig. 3.2b). These results indicate that in 
normal aged hippocampi the pes length has a rather constant 
relation with the total hippocampal length. This means that the 
sample region chosen, i.e. the part of the pes containing the 
fascia dentata, plus the part of the cauda up to two times the 
length of the sampled pes part more caudally, represents a 
relatively constant and comparable fraction of the total 
hippocampal volume (fig.3.3). 
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Mean values of hippocampal parameters 
Total, Left and Right 
Length of pes versus total length 
Hippocampus 
Length ol hlppocsmpal parla (cm) Total length (cm) 
Pes (cm) Tail (cm) Total Length (cm) Ratio Pes/Total 
I Mean of all Hippoc. ^ Me»l1 of L. Hippac. C U Mean of H. Hlppoc. 
йаПО Pes/Tota = 0.34 {SDΌ It) 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.S 2 2.2 2.4 2.6 2.8 3 
Length of pes (cm) 
— CORRELATION 
Coe'ficieit of oorrolat on r = 067 
Fig. 3.2a (left), and 3.2b (right): 2a shows the mean length of the pes hippocanpi, the ta i l , and the 
total length of üie hippocampus. The last colum shows the pes/total length ratio (0.34 + 0.04). 2b shows 
the positive correlation (r =0.67) between the length of the pes hippocampi and the total length of the 
hippocampus. 
L 2xL 
/ C C ,' 
-FD 
Fig. 3.3; Schematic drawing of the hippocanpus and fascia dentata (stippled line). A . iPes/cauda ratio (»1 
: 2) as described in the text. B . ;Saiiçle region chosen, i .e . the part of the pes containing the fascia 
dentata, plus the part of the cauda up to two times the length of the sanpled pes part юге caudally, 
representing a relatively constant and comparable fraction of the total hippocanpal оіше. CC=Corpus 
callosun. FD=Fascia dentata. 
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Consequently, absolute cell numbers counted for this sample part 
have a constant relation with total hippoccampal cell number and 
give a good impression of the degree of absolute cell loss in 
the hippocampal formation. The precise magnitude of the sampled 
hippocampal part is uncertain, but will probably approximate 
about 80% of the total hippocampus, since rostrally the value of 
the curve parts of the hippocampus are not larger than 10%, and 
caudally only 10% of the hippocampus will be missed. 
No data were available for macroscopic properties of 
hippocampi of AD patients. However, the pes length of AD 
hippocampi measured in our paraffin sections is similar to or 
slightly lower than that of normal adults. We have no reason to 
doubt that in AD hippocampi the same general relations hold, and 
thus for AD hippocampi the same fraction (pes : cauda = 1 : 2) 
was applied. 
3.11 THE VOLUMES OF THE SAMPLED HIPPOCAMPAL SUBFIELDS 
The volume of the the pyramidal layer of the different 
subfields of the hippocampal formation was estimated by applying 
Cavalieri's Principle (Zilles et al., 1982; Cruz-Orive, 1985; 
Uylings et al., 1986; Gundersen & Jensen, 1987) upon the 
hippocampal formation. This implies that the volume of any 
arbitrary object can be estimated by summation of the cross 
sectional areas of at least eight systematically taken 
equidistant sections (i.e. at regular intervals with a random 
start) throughout the whole extent of the object, perpendicular 
to its longitudinal axis, multiplied with the distance between 
two sections. If at least eight sections are used, the volume can 
be estimated with a coefficient of error of less than 5% 
(Gundersen & Jensen, 1987). Consequently, the volume of the 
sampled part of various hippocampal subfields was calculated by 
multiplication of the average of the surface areas of the 3N 
sections with 3K χ 20μ (see formula under 3.12). 
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3.12 CALCULATION OF NEURONAL NUMBERS 
On the basis of the measurements described above, the 
neuron number per hippocampal subfield sampled was obtained by 
applying the following formula: 
N t o, = D χ V 
N L„ t = D χ A t„ l χ (3K / 3N) 
Nt^t. = D χ Α™™,, χ 3K 
In which: Nrcu = Total pyramidal neuron number in hippocampal 
subí leid 
D = Mean density of pyramidal neurons (N/mmz) 
V - Total volume of the sampled part of the structure 
A, „,_ = Sum of measured cross sectional areas 
Amean = Mean area per subfield per section 
3K = Total number of 20μ sections m the part of Lhe 
hippocampi sampled (K = number of sections in pes 
hipp., containing granular cells of the fascia dentata) 
3N = Number of sections sampled (N = number of sections 
sampled in the pes hippocampi) 
N4.im£Jj„ = Mean pyramidal neuron number per sample 
A„„
mr
,le. = Area of sample (250x250 μπι
2
 ) 
3.13 STATISTICAL ANALYSIS 
Since nonparametnc (or: distnbution-f ree) statistical 
methods entail fewer assumptions about the distribution of the 
examined populations, and since it is not known whether the 
populations investigated in the present study have a normal 
distribution, two - much used - nonparametnc statistical tests, 
the Wilcoxon signed rank test for matched pairs the Mann-Whitney 
two samples test were applied to test the data which were 
obtained in this study. Careful and extensive investigation of 
their properties of these tests, which are easy to perform, have 
revealed that nonparametnc tests measure up quite well with 
classic methods (Colton, 1974). 
Differences in plaque numbers, tangle numbers, and neuron 
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counts between AD and aqe-matched controls were statistically 
analyzed with the Mann-Whitney two samples test, differences 
between subfields within the hippocampus and right-left 
differences were statistically tested with the Wilcoxon signed 
rank test for matched pairs. As already stated before, results 
for AD and SDAT were pooled for statistical analysis, in order to 
obtain sufficiently large samples. 
CONTENTS OF CHAPTER 4 
4.1 Senile plaques 
4.2 Neurofibrillary tangles 
4.3 Neuronal density 
4.4 The volume of pyramidal cell layers 
4.5 Cell loss 
4.6 Comparison and correlations of SP's, NFT's and cell 
loss in the hippocampal formation and parahippocampal 
cortices in AD. 
4.7 Summarizing illustrations of the distribution patterns 
of senile plaques, neurofibrillary tangles and 
pyramidal cell loss 
102 
4 RESULTS 
4.1 SENILE PLAQUES 
Results on senile plaques are summarized in tables 1-4 and 
figures 1, 2, 10 and 11. In the hippocampi of the control cases, 
the amount of SP's was considerably smaller when compared to the 
Alzheimer hippocampi: the mean total of SP's in the sum of the 
examined subfields in the control hippocampi was about 10 times 
smaller than the mean in the Alzheimer cases, without any overlap 
in density of SP's in Alzheimer and control cases, a difference 
also strongly statistically significant (p<0.01) (fig 4.1a, 
4.1b). Within the hippocampal formation, of the Alzheimer cases, 
the most affected areas were the molecular layer of the fascia 
dentata, the CAI' area (in the pes hippocampi), CAI and the 
subiculum. CA4, CA2/3, and the presubiculum were much less 
predisposed for the presence of SP's, although they still contain 
significantly more SP's than in the control cases. Statistical 
evaluation of mutual differences between subfields in Alzheimer 
hippocampi revealed 3 significantly different levels of SP 
densities, i.e. a relatively high density (6 t 8 SP's per mm2 of 
а 20цт section) in CAI' and the molecular layer of FD 
(fig.4.11a); an intermediate density (4 to 6 SP's/mm2) in CAI and 
the subiculum, and a relatively low density (0 to 4 SP's/ mm2) in 
CA4, CA2/3 and the presubiculum. This SP density profile could be 
observed in many of the individual hippocampi investigated, but 
not all of them (fig 4.2c). This means that such a distribution 
is not completely consistently and indissolubly connected with 
AD, since some of AD hippocampi clearly showed a deviant 
distribution profile (fig 4.2c). 
In most of the examined sections, the medial part of the 
subiculum, adjacent to the CAI area, by some authors indicated as 
the prosubiculum, appeared to contain considarably more SP's than 
the lateral part adjacent to the presubiculum. Statistically 
significant left-right difference for any of the examined 
subfields were not observed. The same holds for rostrocaudal 
gradients of SP densities within different subfields (fig. 4.2a). 
Although there is a general tendency for a higher density of SP's 
in rostral parts compared to caudal parts in CAI, FD, and 
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subiculum (fig. 4.2a) in Alzheimer cases, the Ρ value of this 
difference is only 6%, which is not beyond the limits of the 
statistical significance. This means that this average tendency 
is not consistent for all hippocampi analyzed (fig 4.2c). As can 
be seen in table 1, several hippocampi, e.g. 5L and 7L indeed 
have caudally a higher SP density than rostrally. 
Mean density of senile plaques 
Hippocampus 4 Parahippooampal Cortex 
Plaques per sq. mm. 
FD CA4 CA2/3 CA1 CAI' Sub. Presub 
Subfleld 
H I Alzheimer '"£¿¿2 Control 
J
- i ^ - Pa'ahippocairpa " r ' e · ' 
•· - D'OOi (с ft л j Зол;?! 
M P H C L F H C 
SP density in controls 
Hippocampus & PHC 
SP per sq. mm. 
'h| 
f-D CA4 CA2/3 CAI САГ Sub PreS Tot Н ф M PHC L.PHC 
Area 
H I Control 
PHC " PareWppooampal cortex 
Fig. 4.1a (left) and fig. 4.1b (right). Fig. la shows the density distribution of senile plaques in AD and 
controls, fig. lb shows the density distritiution of senile plaques in controls only. Note that the 
distribution profile in AD and controls is largely the same, with a much higher density in AD, however. 
The d i s t r i b u t i o n of S P ' s w i t h i n t h e e x a m i n e d s u b f i e l d s of 
t h e c o n t r o l c a s e s r e m a r k a b l y showed a p p r o x i m a t e l y t h e same 
p r o f i l e a s i n t h e A l z h e i m e r c a s e s ( s e e f i g s . 4 . 1 a and 4 . 1 b ) . 
S i g n i f i c a n t r o s t r o c a u d a l g r a d i e n t s o r l e f t - r i g h t d i f f e r e n c e s were 
a b s e n t i n c o n t r o l s . 
I n t h e p a r a h i p p o o a m p a l c o r t i c e s , ( e n t o r h i n a l c o r t e x and 
p e r i r h i n a l c o r t e x ) of t h e A l z h e i m e r c a s e s , SP d e n s i t i e s o b s e r v e d 
w e r e 6 t o 7 t i m e s h i g h e r t h a t t h o s e i n AD h i p p o c a m p i , w i t h a 
r a t h e r low d e g r e e of c o r r e l a t i o n ( r = 0 . 6 1 ) , and v e r y s i g n i f i c a n t l y 
h i g h e r ( a b o u t 20 t i m e s ) t h a n i n t h e c o n t r o l c a s e s ( f i g . 4 . 1 a and 
4 . l b ) ( p < 0 . 0 1 ) . E q u a l t o t h e h i p p o c a m p a l f o r m a t i o n , s t a t i s t i c a l l y 
s i g n i f i c a n t r o s t r o c a u d a l d i f f e r e n c e s w e r e n o t o b s e r v e d , 
i n d i c a t i n g t h a t t h e e n t o r h i n a l and p e r i r h i n a l c o r t i c e s a r e 
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SP density in Alzheimer's disease 
Hippocampus & PHC 
SP per sq. mm. 
И »Sa мгя И § И 
SP density in controls 
Hippocampus & PHC 
SP per sq. mm. 
FD CA4 CA2/3 CAI CAI' Sub. PreS. Tot. Hipp 
Area 
PHC- n a r a r proca m pal oortex 
• = p<0 05 ¡difï Med-Lat PHC) 
PHC M'L PHC 
FD CA4 СА2/Э CAI CAI' Slib. PreS. Tot.Hipp. PHC M*L PHC 
Area 
^Ш Rostral ¿¿¿i Caudal 
PHC * Parahippocampal cor'ex 
Consistency of individual SP densities 
Alzheimer Cases 
SP density (N/sq. mm.) 
C a » 4L 
-**~ Caie 6L 
Саве 4R 
Caie 6R 
Caie 5L 
Caae ?L 
шоооса'лоиэ 
Fig. 4.2a (left), fig. 4.2b (right) and fig. 4.2c (below). Fig. 2a shows the rostrocaudal distribution of 
senile plaques in AD, fig. 2b shows the same in the controls. Fig. 2c shows the consistency of the SP 
density in the different subfields of the exanined hippocanpi. 
e q u a l l y a f f e c t e d by S P ' s . However, d i f f e r e n c e s i n SP d e n s i t i e s 
b e t w e e n t h e m e d i a l and l a t e r a l p a r t of t h e s e c o r t i c e s d i d a p p e a r 
t o b e s t a t i s t i c a l l y s i g n i f i c a n t ( p < 0 . 0 5 ) , w i t h t h e h i g h e s t 
d e n s i t y i n t h e l a t e r a l p a r t ( f i g . 4 . 2 a ) . I n c o n t r o l s , a s i m i l a r 
t e n d e n c y e x i s t e d , b u t was n o t s t a t i s t i c a l l y s i g n i f i c a n t f o r o u r 
s a m p l e ( p > 0 . 0 5 ) . The a v e r a g e s p d e n s i t y i n t h e c o n t r o l 
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parahippocampal cortices was about 1.5 SP/mm2, a level 
substantially higher than in the control hippocampi (figs, lb, 
2b), and a level as high as in the presubiculum, CA2/3 and CA4 of 
the AD cases (figs 4.1 and 4.2, tables 4.1-4). 
4.2 NEUROFIBRILLARY TANGLES 
Results on neurofibrillary tangles are summarized in tables 
5-8 and figures 3,4,9 and 11. In the hippocampi of the control 
cases, the average density of NFT's was as much as 150 times 
smaller when compared to the Alzheimer hippocampi: without 
overlap in density of SP's in Alzheimer and control cases. 
Consequently, this difference is statistically significant 
(p<0.01)(figs. 4.3a, 4.3b). Within the hippocampal formation of 
the Alzheimer cases, the most affected areas were the CAI' area, 
CAI and the subiculum, whereas CA4, CA2/3, and the presubiculum 
were much less predisposed for the presence of NFT's. However, 
substantial individual differences were noticed (fig.4c). 
In most of the examined sections, the medial part of the 
subiculum, adjacent to the CAI area, by some authors indicated as 
the prosubiculum, appeared to contain more NFT's than the lateral 
part adjacent to the presubiculum. There were no significant 
left-right differences. A clear trend existed towards a 
rostrocaudal gradient of NFT density (with a higher density in 
the rostral part of the hippocampus) within the CAI and CA4 
areas. However, this difference was not statistically 
significant (p=0.06), since some individual AD hippocampi show 
the reverse trend. Remarkably, the average NFT densities of all 
subfields still show a statistically significant rostrocaudal 
difference (p<0.05). When CAI' is considered as a rostral 
continuation of CAI, the statistically significant difference 
between CAI' and CAI also represents a rostrocaudal gradient 
(p<0.05)(fig. 4a). The distribution of NFT's within the examined 
subfields of the control cases did not show the same profile as 
in the Alzheimer cases, and there was equally no clear 
rostrocaudal gradient (fig. 4.4b). 
In the parahippocampal cortices of the Alzheimer cases, a 
rostrocaudal gradient could be detected (p=0.02), meaning that 
the entorhinal cortex was more affected than the perirhinal 
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Mean density of neurofibrillary tangles 
Hippocampus & parahippocampal cortex 
NFT density in controls 
Hippocampus & PHC 
NFT's per eq. mm. NFT per eq. mm. 
FO CA4 СА2/Э CAI САГ Sub. Presiib. 
Subfield 
^ontrol densities too low to be noticed 
• - p<0 0i (οι f f Aiz-Contr) 
FO CA4 CA2/3 CA1 CAV Sub. PreS. Tot.h 
Area 
И И Control 
PHC - Paratilppooampal Corteje 
pM.PHCL.PHC 
Figure 4.3a (left), and figure 4,3b (right). Fig. 3a shows the density distribution of neurofibrillary 
tangles in AD and controls, fig. 3b shows the density distribution of neurofibrillary tangles in controls 
only. 
cortex by NTT's. A clear difference (p=0.02) between the medial 
and the lateral part of these cortices was also found, with a 
higher density in the lateral part, meaning that in Alzheimer's 
disease, of the parahippocampal cortices, the lateral entorhinal 
cortex is most severely affected by NFT's. Both the average NFT 
density and the relative difference between Alzheimer and 
controls were similar in the parahippocampal cortices and the 
hippocampal formation. In control cases, significant 
rostrocaudal gradients, or lateromedial gradients were absent in 
the parahippocampal cortices. 
The most conspicuous finding after comparison of the 
parahippocampal cortices with the hippocampal subfields as 
regards NFT density, was that both have on average similar NFT 
densities (about 40-50 NFT/mm2), with a high degree of 
correlation between both densities in Individually analyzed AD 
brains (r=0.90). Since the parahippocampal cortex starts from a 
higher control level, it might be stated that it is relatively 
less attaqued by NFT's in AD than the hippocampal formation, 
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NFT density in Alzheimer's disease 
Hippocampus & PHC 
NFT density in controls 
Hippocampus & PHC 
NFT per eq. mm. NFT per sq. mm. 
PHC ; r,araniopocamcai Cortex 
• = CK0.06 (a if Postr CauVVea La: РЧі 
ШШШ Rostral l&ir j Caudal 
PhC - ParaniDPocarnca Gor;ex 
Consistency of individual NFT densities 
Alzheimer cases 
NFT dens i ty (N/aq. mm.) 
0*-
F D . CM CA2/3 CAI САГ Subie. Presub Total 
Subfield 
~— CñtB 4L 
~*- Свае 6L 
- * - Case 4R 
- • Case eR 
Case SI, 
Caae 7L 
Figs. 4.4a (left), 4.4b (right), ana 4.4c (below). Fig. 4a shows the rostrocualal distribution of 
neurofibrillary tangles in W, fig 4b shows the rostrocaudal distribution of neurofibrillary tangles in 
controls. Fig. 4c shows the consistency of the И density in the different subfields of the examined 
hippocampi. 
w h i c h e s p e c i a l l y h o l d s f o r CAI, CAI ' and t h e s u b i c u l i m . However, 
t h e FD, CA4, CA2/3 a n d p r e s u b i c u l u m a r e s t i l l l e s s s u s c e p t i b l e t o 
N F T ' s i n AD t h a n t h e p a r a h i p p o c a m p a l c o r t i c e s ( f i g s . 4 . 3 - 4 ) . 
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4.3 NEURONAL DENSITY 
Results on neuronal densities are summarized in tables 9 and 
10, and figures 6a, 6c and lie. It should be remembered that, due 
to methodological problems, the granular layer of the fascia 
dentata, the presubicular areas and the parahippocampal cortices 
were not investigated with repect to neuronal numbers and 
densities. A significant difference (43%, p<0.0l) as regards the 
density of pyramidal cells in the Alzheimer ana. control 
hippocampi could only be found in the CAI area, taking also 
account for the significant decrease (24%, p<0.01) of the overall 
neuronal density in the hippocampal formation as a whole (fig. 
4.5a). Although in the subfields CA4, CA2/3 and the subiculum, a 
slight decrease in the density of pyramidal cells was found as 
well, 15%, 10% and 8%, respectively (fig. 4.5a), these decreases 
were not statistically significant (p=0.48, 0.15 and 0.20 
respectively). This is due to the large variations found in 
neuronal density, both in AD and control cases, which cause a 
substantial overlap in control and AD neuronal density in these 
subfields. In the control hippocampi, a significant rostrocaudal 
gradient (p<0.05), was found in CA4 (37%), CAI (22%) and the 
average value of all the examined subfields (20%). In the 
Alzheimer hippocampi, this gradient could be observed in CA4, 
CA2/3, and (again) the total of the examined subfields. 
4.4 THE VOLUME OF PYRAMIDAL CELL LAYERS 
As explained extensively in the "Materials and Methods" 
section, neuronal numbers can be calculated from neuronal 
densities as presented above by multiplication with the volume of 
the layers in which the densities were measured. For this reason, 
the most accurate measurement possible at present with respect to 
the volume of the pyramidal cell layer in the cases examined was 
obtained. This was done by measuring the surface areas of the 
pyramidal cell layers in the representative, systematically 
random chosen sections used for the determination of neuronal 
densities, as well as by determination of the pes length of the 
hippocampi analyzed, which appears to be postively correlated, 
with a coefficient of correlation of 0.67, with the total 
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hippocampal length, of which it amounts almost precisely 1/3 
(0.34 + 0.04) (see figs. 3.2 and 3.3 in "Material and Methods"). 
A better method for estimation of the hippocampal length is 
presently not available ("see Material and Methods"). 
With respect to the surface area of pyramidal cell layers, 
it appeared that the mean cross-sectional area of these layers in 
AD was decreased significantly for all subfields analyzed when 
compared to controls with the following values: 20% in CA4 
(p<0.01), 27% in CA2/3 (p<0.05), 26% in the subiculum (p=0.01), 
and 33% for the sum of the areas evaluated (p<0.01) (fig 4.6b). 
This means that in AD a significant decrease in tissue volume of 
the hippocampus takes place, - and thus a larger loss of neurons 
than estimated only on the basis of neuronal densities -, 
provided that the length of the hippocampus and its pyramidal 
cell layers is also decreased, or at least not increased in AD 
Area per section vs. Pes length 
Hippocampus 
P u length (Nr. of section», 2 0 micron) 
6 0 0 ι — , 
4 0 0 
3 0 0 
2 0 0 
1 0 0 
0 
0 5 ' 10 15 2 0 26 
Mean area per section 
~~- Correlation 
Coef' ol corr 0 07 
Fig. 4.5. Correlation between the pes laigth, expressed as tfte number of sections (with a thiclmess of 20 
μη. ) in the pes hippocampi containg the characteristic "doubled" fascia dentata. 
c a s e s . To judge from our measurements of t h e length of t h e pes 
hippocampi, expressed as t h e number of s e c t i o n s of 20μ t h i c k n e s s 
in which t h e c h a r a c t e r i s t i c "double" f a s c i a d e n t a t a i s 
d i s c e r n a b l e , t h i s i s indeed t h e c a s e : t h e mean pes length of the 
c o n t r o l and AD cases showed no c l e a r nor s t a t i s t i c a l l y 
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significant difference (364 + 83 and 357 + 50 sections (20μ), 
respectively), and there is no correlation between the pes 
length and the mean area per section of the total of the 
hippocampal subfields (r=0.07; fig. 4.5). 
4.5 CELL LOSS 
The estimated numbers of pyramidal neurons in the sampled 
parts of the examined hippocampal formations are given in table 
il and figure 6d and lie. A significant difference in mean 
pyramidal neuron number, comparing controls and AD cases, was 
demonstrated in all the examined hippocampal subfields (fig 
4.6a). The largest difference in pyramidal cell number was 
measured in CAI (72%), which also accounted for the largest part 
of the difference in pyramidal cells between AD and controls in 
the sum of the examined subfields (54%). The average cell loss in 
CA4, CA2/3 and the subiculum turned out to be 32% for all of 
these fields. Using the Mann-Whitney U test, mean pyramidal 
neuron loss was statistically significant in all hippocampal 
subfields, of which the difference between AD and controls in CAI 
and the hippocampus as a whole reached the highest statistical 
significance (p<0.0l) (fig 4.6d). 
Neuron density in hippocampal subfields Area per section, hippocampal subfields 
Neurons per sq. mm. Pyramidal layer 
350 
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CA2/3 CAI Subiculum 
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Area per section vs. Neurons per sample Neuron number in the hippocampus 
CAI Area AD and Controls 
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Figs. 4.6a (previous page, left) and 4.6b (previous page, right). 6a shows the neuronal density (K/ran2) in 
the different subfields in AD and controls. 6b shows the cross-sectional area per Microscopic section 
(im2) of the different microscopic subfields in AD and controls. 
Figs. 4.6c (this page, left) and 4.6d (this page, right). 6.с shows the relationship between the neuronal 
density and cross-sectional of the CAI subfield of the hippocanpus. 6d shows the estimated total neuron 
numbers in the different hippocanpal subfields in AD and controls. 
4 . 6 COMPARISON AND CORRELATIONS OF S P ' S . N F T ' S AND CELL LOSS IN 
THE HIPPOCAMPAL FORMATION AND PARAHIPPOCAMPAL CORTICES I N AD. 
Comparison of t h e d i s t r i b u t i o n of S P ' s , NFT's and c e l l loss 
i n d i f f e r e n t hippocampal subf ie lds and in t h e parahippocampal 
c o r t i c e s r e v e a l s t h a t t h e degree of occurrence of t h e s e 
n e u r o p a t h o l o g i c a l f e a t u r e s i s l a r g e l y u n c o r r e l a t e d and 
d i s c o n g r u e n t . To s t a r t wi th a comparison of SP ' s and NFT's, t h e 
f a s c i a d e n t a t a be longs t o t h e r e g i o n s t h a t a r e most severe ly 
a t t a q u e d by S P ' s , and a marked f e a t u r e i s t h a t n e v e r t h e l e s s no 
NFT's could be observed in t h i s r e g i o n . I n CAI', however, a 
r e g i o n wi th a s i m i l a r SP d e n s i t y as t h e f a s c i a d e n t a t a , by far 
the h i g h e s t d e n s i t y of NFT's in t h e hippocampal and 
parahippocampal r e g i o n was observed. In t h e subiculum, a reg ion 
wi th only a s l i g h t l y lower SP d e n s i t y t h a n CAI», NFT d e n s i t y i s 
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only half of the average value reached in CAI'. The general 
absence of an overall correlation between average SP and NFT 
densities in different hippocampal regions is strengthened by 
comparing the hippocampal formation as a whole with the 
parahippocampal cortex, since both have a similar average NFT 
density, but an 8 times different SP density. Consequently, very 
different ratio's between NFT- and SP densities may be encoutered 
in the most severely attaqued regions, varying from 0 in the 
fascia dentata via an average of 1.2 in the parahippocampal 
cortex and 14 in the subiculum to about 19 in the CAI' region. In 
less severely attaqued regions, NFT/SP density ratios lie within 
the same range, i.e. on average 17 in CAI, 10 in CA2/3, 4 in the 
presubiculum, and 3 in the CA4 region. 
Comparison of NFT and SP densities observed in different 
brains shows the same general absence of correlation between the 
degree of occurrence of these neuropathological markers in 
various hippocampal subdivisions, like CAI', CAI, the subiculum, 
or in the hippocampal formation as a whole (r=0.08). This means 
that the NFT/SP ratio in various subfields can vary substantially 
and may deveate significantly in different AD brains from the 
average values presented above. In contrast, in the 
parahippocampal cortex, a rather close relationship between NFT's 
and SP's seems to be present, since in this region a relatively 
high inter-individual relationship between NFT- and SP density is 
present (r=0.86 ). 
Cell loss was only investigated in the subiculum, CA4, 
CA2/3, and the CAK+l') region, since in other subfields no 
reliable counts could be made. Cell loss appears to be highest in 
the CAK+l') region i.e. 72%, which is well correlated with a 
relatively high density of both SP's and NFT's in this region. 
Within this region, close examination suggests two different 
patterns of cell loss, each differently correlated with the 
occurence of NFT's. The first pattern to be distinguished 
(especially pronounced in CAI') was that of a diffuse character, 
resulting in a patchy, cell-poor appearance of the pyramidal 
layer (fig 7a). In the adjacent Congo-red preparations, the 
disappeared pyramidal cells in this area seemed to be replaced by 
neurofibrillary ("ghost") tangles. The second pattern of cell 
loss observed in the Nissl sections within the CAI (not CAI') 
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area, consisted of a complete dropout of strips of nerve cells, 
oriented perpendicular to the stratum pyramidale (fig 4.7b). In 
the Congo-red sections, these "lost" strips did not contain 
NFT's, thus suggesting two different mechanisms of neuronal loss 
in CAI in AD: one by means of intracellular tangle formation, 
eventually resulting in a complete replacement of the pyramidal 
cells by "ghost tangles", and one in which neuron loss is not 
necessarily preceded by tangle formation. 
In the Nissl stained sections, the architecture and layering 
of the entorhinal cortex were irrecognizeably changed. It was 
remarkable that the islands of large neurons that form the 
stellate layer of the entorhinal cortex were largely absent, and 
appeared to be completely replaced by NFT's in the Congo-red 
preparations (figs. 4.7a-d). 
In the subiculum, cell loss is less than half of that in CAI 
(32% and 72%, respectively), but this region has still a similar 
density of SP's to CAI, and only a slightly lower NFT density 
than CAI (80 NFT's/mm2 and 100 NFT's/mm2 , respectively). 
Consequently, comparison of CAI and the subiculum does not reveal 
a correlation between cell loss with either SP or NFT density. 
The same holds for comparison of the subiculum with CA2/3 and 
CA4, since all these regions have the same degree of cell loss 
(32%), but rather different densities of NFT's and SP's. 
Finally, the presububiculum did not seem to be heavily 
involved by the Alzheimer changes, in the Nissl nor in the Congo-
red or the modified Bielschowski preparations. 
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Figs.4.7а (upper left),4.7b (upper right), 4.7c (lower left) and 4.7d (lower right) Nissl stained 
preparations of the entorhinal cortex. In the normal entorhinal cortex (7a), the layering is clearly 
discernable. Note especially the cell islands of the "stellate layer". In the Alzheimer entorhinal cortex 
(7b), the architecture is irrecognizeably changed. Figs. 7c and 7d show the replacement of the stellate 
cells by neurofibrillary tangles in a Congo red stained preparation under fluoresence illumination (7c), 
and the same microscopic field in nomai light (7d). 
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Figs. 4.8a (left) and 4.8b (right). Nissl stained preparations of the Alzheimer CAI pyramidal layer. Fig. 
8a shows the "diffuse" neuron loss as explained in the text. Fig. 8b shows the "circumscribed" neuron 
loss, see text for further explanation. 
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4 . 7 SUMMARIZING ILLUSTRATIONS OF THE DISTRIBUTION PATTERNS OF 
SENILE PLAQUES, NEUROFIBRILLARY TANGLES AND PYRAMIDAL CELL LOSS 
Figs. 9a (above) and 9b (below). Illustration depicting the distribution pattern of neurofibrillary 
tangles (NFT) within a rostral (9a) and a caudal section (9b) of the hippocampal formation in AD. Congo 
red section under fluorescence illumination, charted with an X-Y recorder coupled to the movements of the 
microscopic stage. The superficial band of the neurofibrillary tangles in Uie ERC corresponds to the 
second (stellate) layer, the deeper band to the fourth (pyramidal) layer. Note the predilection of NFT to 
cluster in the medial part of tbe subiculum ("prosubiculun") and in CAI', both known to be in reciprocal 
connection with the amygdala. 
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Fig. 4.11a-c. Template diagrams of the distribution of senile plaques (a), neurofibrillary tangles (b), 
and (absolute) pyramidal cell loss (c). 
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Brairair. F D. CA4 α2/3 CAI CAI' SublCUlin Presubic F D *C A + 
(Pre)Subic 
4L 
Rostral 6.00 + 2 81 0 62 + 0 5 8 0 8 6 + 0 4 7 2 7 3 + 1 . 2 6 4.60 + 0.45 8 6 4 + 2 6 5 0 5 1 + 0 5 8 3 3 7 + 0 3 1 
Caudal 6.39 + 1.79 0 18 + 0 37 1 12 + 2.25 1 60 + 1 10 3 53 i 1 42 0.34 + О 40 2 16 + О 51 
Total 6.20 + 2.19 0.40 + 0.50 0.99 + 1.51 2 1 6 + 1 . 3 5 6.08 + 3 37 0 42 + 0 4 7 L 76 ; О 76 
4R 
Rostral 5.42 + 4.45 0.61 + 0.31 0 8 9 ^ 1 . 2 5 3.17 + 1.45 5.38 + 1.08 5.53 + 1 6 4 0 2 3 * 0 2 6 2 9 8 + 0 8 6 
Caudal 8 Ol + 3 33 О 84 + 1 21 2.24 + 1 20 2 55 + 1 58 2 58 + О 81 0 32 + 0 28 2 34 + 0 15 
Total 6.72 + 3.89 0.72 + 0.84 1.56 + 1 3 5 2 86 + 1.44 4 0 5 ^ 1 9 7 0 2 7 + 0 2 6 2 66 _+ 0 67 
5L 
Rostral 7 87 + 2 96 4.23 + 2.35 1.84 + 2.14 7 19 + 2.37 7 56 + 1.30 7 50 + 3 16 2.21 + 1.21 5 99 + 1 29 
Caudal 7.38 + 1 42 4 64 + 2 28 2.42 + 1 11 7 39 + 1 94 9 IB + О 95 2 65 + О 86 6 73 ; 0 83 
Total 7 62 + 2.17 4.44 + 2 16 2.13 + 1.61 7 29 12.00 8.34 + 2.34 2 . 4 3 + 1 0 0 6 11 + 101 
5R 
Rostral 8.75 + 4.64 4.73 + 4.61 2.03 + 1.56 6.16 + 2.00 6.66 i 0.47 6 09 + 1.41 2.45 + 1 10 5.38 + 1.14 
Caudal 3.63 + 1 28 2 40 + 1.01 1 22 + О 53 4 10 ' 2 14 5 95 t 3 58 1 23 - 0 66 3 46 ι 1 83 
Total 6 19 + 4.17 3.56 + 3,33 1.63 + 1.16 5 2 8 + 2 . 2 9 6 02 + 2 5 2 1.84 + 1 1 2 4 4 2 + 1 7 4 
6L 
Rostral 13 13 + 3 32 2.10 + 1.84 3.42 + 2 36 8 05 + 136 10.27 + 2.59 5 30 ^  2 43 051 + 069 6 1 2 + 032 
Caudal 7 58 +"2 62 2 84 t 1 49 2 45 + 2.45 4 75 + 3 86 5 99 + 2 58 0.94 + 0 43 3 90 ι 0 44 
Total 10.35 + 4.06 2.47 i 1.60 2 93 + 2.28 6 40 + 3.21 5 65 + 2 35 0 72 + 0 44 5 Ol + 1 24 
6R 
Rostral 9 56 + 2 16 2 40 ι 1 00 1 36 + 1.19 6 4/ \ 0 76 8.43 + 3 63 8 9? + 4 82 О 74 * 0 47 5 31 > 0 38 
Caudal 6 45 + 1 46 2 56 + 1 67 0 75 t 0 70 1 81 Í 0 46 6 25 + 1 06 0 59 ; 0 38 3 24 + О Ч 
Urtai 8 01 + 2 38 2 4В + 1.28 1 05 + 0 96 4 14 + 2 56 / 59 ( 3 53 0 67 + 0 40 4 t i ι 1 23 
π 
Rostral 3 77 + 1 24 1 02 + О 62 О 86 + О 61 3 35 + 1 49 4 03 - 1 82 3 16 + 0 58 0 80 - 0 48 2 71 + 0 51 
Caudal 3.05 + 0.70 1 57 + 0 68 0 57 + 0.43 3.91 + 1 06 4 16 + 0 91 1 05 + 0 85 3 05 + 0 33 
Total 3.41 + 101 1.30 + 0 67 0 71 + О Ы 3 63 ι 1 23 3 66 ' 0 88 0 92 + 0 6 5 2 8 8 - 0 4 4 
Mean Total 
Rostral 7 79 + 3 10 2 24 + 1 66 1 61 + О 93 5 35 + 2 19 6 70 + 2 23 
Caudal 6.07 + 1 96 
Total 6 93 + 2 12 
  66 
2.15 + 1.46 
2 14 + 1 57 
 0 93 
1 54 + 0 fll 
1 57 + 0.77 
  19 
3 ,3 ι 2 01 
4 54 + 1 87 
6 45 - 2 05 
5.38 + 2.18 
5 91 + 1 70 
1 06 + 0 89 
1 02 + 0 80 
1 04 - 0 80 
4 55 - 1 4"' 
3 48 + 1.3b 
4 0? + 1 31 
Table 4.1. Density distribution of senile plaques in the 
hippocampal formation of the Alzheimer brains (4-7). The density 
is expressed as number per mm2 section of 20цт thickness 
(mean+SD) L=left, R=right. 
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Вгаіллг. LEFT 
4 Medial Lateral Tot. «*L 
Rostral 14.88 + 4.19 16.06 * 3.78 15.37 + 3.19 
Caudal 14.82 + 6.29 20.03 + 3.65 17.75 + 4.63 
Tot M+L+R+C 
Tot. R+C 14.85 í 4.95 18.05 + 4.04 16.56 t 3.90 
5 Medial Uteral Tot. m 
Rostral 19.75 + 6.17 26.45 + 18.26 22.96 + 9.39 
Caudal 39.13 + 12.82 45.28 + 6.23 42.51 + 7.76 
Tot M+L+R+C 
lot . R+C 29.44 + 13.93 35.87 + 16.15 32.73 + 13.14 
6 Medial Lateral Tot. M+L 
Rostral 44.42 + 16.91 48.82 + 6.31 46.32 + 10.60 
Caudal 32.71 + 8.09 42.67 + 17.61 37.28 + 12.28 
Tot M+L*R< 
Tot. R+C 38.56 + 13.78 45.74 + 12.68 41.80 + 11.67 
7 Medial Lateral Tot. M+L 
Rostral 15.73 + 6.52 24.08 + 4.43 19.64 + 5.50 
Caudal 26.92 + 8.82 26.38 + 2.71 26.66 + 4.32 
löt M+L+R+C 
Tot. R+C 21.33 + 9.35 25.23 + 3.62 23.15 + 5.92 
RIGHT 
Medial U t e r a l Tot. M+L 
ROSfal 15.67 + 4.32 20.64 + 3.78 18.08 ; 3.00 
Caudal 20.95 + 2.07 28.97 + 1.84 24 .8 / ; 2.26 
Tot. K+L'R+C 
T0t.R+C 18.31 ; 4.22 24.71 + 5.15 21.47 + 4.38 
Medial Lateral Tot. M+L 
Rostral 24.54 + 8.73 35.92 * 4.47 30.03 + 2.40 
Caudal 31.89 + 4.25 37.31 : 8.91 34.7? : 4.18 
Tot. M-L-R>C 
Tot.R+C 28.21 + 7.47 36.61 + 6.57 32.37 + 4.03 
Medial Latera: Tot. K*L 
Rostral 60.76 ι 17.60 55.45 + 13.54 58.66 + 10.99 
Caudal 42.48 + 12.57 46.15 < 14.58 44.13 + 12.97 
Tot. M-L-R+C 
Tot.RiC 51.62 + 15.21 50.80 + 13.94 51.39 ι 13.57 
! 
М Ш TOTAL Medial U t e r a l Tot. M*L 
Rostral 2/.96 · 17.78 32.49 + 14.85 30.15 - 11.05 
Caudal 29.84 + 9.76 35.26 . 10.23 32.56 t 9-77 
Tot. МЧ-R+C 
Tot. R+C 28.90 ι 12.76 33.86 ' 11.89 31.35 - 12.32 1 
. " : 1 
Table 4.2. Density distribuLion of senile plaques in the 
parahippocampal cortices of the Alzheimer brains (4-7). The 
density is expressed as number per mm2 section of 20цт thickness 
(mean + SD) L = left, R = right. Rostral = Entorhinal cortex, 
Caudal = perirhinal cortex. 
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Braiimr. 
И 
Rostral 
Caudal 
Total 
IR 
Rostral 
Caudal 
Total 
2L 
Rostral 
Caudal 
Total 
2R 
Rostral 
Caudal 
•total 
3L 
Rostral 
caudal 
Iti ta l 
3R 
Rostral 
Caudal 
Total 
F.D. 
0.73 + 
2.17 * 
1.45 : 
0.74 + 
0.71 * 
0.73 ; 
0.00 + 
0.00 ; 
0.00 + 
0.00 + 
0.00 + 
0.57 
2.35 
1.76 
1.32 
0.75 
0.99 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 + 0.00 
0.27 * 
0.18 + 
0.23 + 
0.30 + 
1.11 + 
0.71 + 
Mean Total 
Rostral 
Caudal 
Total 
0.34 + 
0.70 + 
0.52 + 
0.27 
0.22 
0.23 
0.18 
0.60 
0.60 
0.33 
0.85 
0.56 
CA4 
0.55 + 
0.07 + 
0.31 + 
0.12 + 
0.30 * 
0.21 ; 
0.00 + 
0.00 + 
0.00 + 
0.00 + 
0.00 + 
0.00 + 
0.16 Í 
0.06 + 
0.78 
0.15 
0.58 
0.19 
0.37 
0.29 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.18 
0.12 
0.11 + 0.15 
0,07 + 0.10 
0.42 + 
0.25 + 
0.15 + 
0.14 + 
0.15 + 
0.36 
0.31 
0.21 
0.18 
0.13 
CA2/3 
0.09 + 
0.55 · 
0.32 + 
0.39 + 
0.67 + 
0 . 5 3 : 
0.00 * 
0.00 ι 
0.00 i 
0.00 * 
0.00 -
0.00 + 
0.02 + 
0.07 + 
0.05 + 
0.66 + 
0.24 + 
0.45 + 
0.19 + 
0.26 + 
0,23 + 
0.11 
0.65 
0.50 
0.45 
0.90 
0.67 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.04 
0.15 
0.10 
1.15 
0.48 
0.85 
0.27 
0.29 
0.24 
CAI 
0.99 + 
0.96 + 
0,98 +_ 
0.52 + 
1.08 + 
ο.βο + 
0.00 + 
0.00 + 
0.00 + 
o.oo + 
0.00 + 
0.00 + 
0.15 i 
0.11 τ 
0.13 ι 
0.60 
0.42 
0.48 
0.52 
0.75 
0.67 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.14 
0.13 
0.13 
0.39 + 0.12 
0.44 + 
0.41 + 
0.29 
0.21 
0.34 + 0.38 
0.43 + 
0.38 + 
0.48 
0.42 
Ш ' 
0.63 _+ 
0.10 + 
0.00 + 
0.00 + 
0.17 + 
0,58 + 
0.66 
0.11 
0.00 
0.00 
0.18 
0.13 
0.25 + 0.29 
Subiculum 
1.72 + 1.40 
1.47 + 0.81 
1.60 + 1.06 
0.91 + 0.40 
0,65 + 0.14 
0./8 ί 0.31 
0.00 i 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.99 + 0.49 
0.64 + 0.19 
0.81 + 0.39 
1.93 + 0.82 
1.57 + 0.83 
1.75 + 0.78 
0.93 + 0.82 
0.72 + 0.68 
0.82 + 0.75 
Presubic. 
0.19 + 0.19 
0.26 * 0.24 
0.23 + 0.20 
0.30 + 0.17 
0 . 4 9 ; 0.22 
0.40 + 0,21 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.00 + 0.00 
0.24 - 0.18 
0.03 í 0.05 
0.13 + 0.17 
0.04 + 0.09 
0.10 + 0.14 
0.07 + 0.11 
0.13 + 0.13 
0.15 + 0.19 
0.14 + 0.15 
F.O.+ C, 
(Pre)Safcic. 
0.84 + 
1.00 * 
0 . 9 2 ; 
0.45 + 
0.73 ; 
0.59 + 
0.00 + 
0 . 0 0 -
0.00 ; 
0.00 + 
0.00 + 
0.00 + 
0.25 + 
0.21 + 
0.58 
0.54 
0.53 
0.34 
0.31 
0.34 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0,13 
0.04 
0.23 + 0.09 
0.53 + 0.12 
0.68 + 0.18 
0.60 + 0.17 
0.35 + 
0.44 + 
0.39 + 
0.33 
0.42 
0.37 
Table 4.3. Density distribution of senile plaques in the 
hippocampal formation oí the control brains (1-3). The density 
is expressed as number per mm2 section of 20цт thickness 
(mean + SD) . L=left( R=right. 
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Brainnr. LETT RIGHT 
1 Medial Lateral Tot. M*L 
ROStral 3.07 + 1.79 4.47 + 4.91 3.86 + 3.47 
Caudal 4.89 + 3.79 5.47 + 4.85 5.16 + 4.28 
Tot И+LtRtC 
TOt. R+C 3.98 i 2.91 4.97 + 4.55 4.51 +3.67 
2 Medial Uteral Tot. » 1 
ROStral 0.00 + 0.00 0.00 ι 0.00 0.00 + 0.00 
Caudal 0,00 * 0.00 0.00 + 0.00 0.00 t 0.00 
TOt M+L+R+C 
TOt. R*C 0.00 ι 0.00 0.00 Í 0.00 0.00 + 0.00 
3 Medial Lateral Tot. M*L 
Rostral 0.41 * 0.50 0.56 ^  0,63 0.47 + 0.18 
Caudal 0.00 + 0.00 0.63 ; 1.07 0.24 ^  0.38 
Tot M + L W C 
TOt.R+C 0.21 + 0.40 0.60 + 0.82 0.35 Í 0.30 
Medial Uteral № . № L 
ROStral 1.66 + 1.26 2.08 • 0.93 1.87 + 1.07 
Caudal 4.65 + 1.88 4.77 + 2.11 4.73 + 1.73 
TOt. M+L+R+C 
Tot.R+C 3.16 + 2.18 3.43 + 2.88 3.30 • 2.03 
Medial Uteral Tot. M*L 
Rostral 0.00 + 0.00 0.00 + 0.00 0.00 ι 0.00 
Caudal 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 
Tot. M-LtR*C 
TOt.R+C 0.00 + 0.00 0.00 +0.00 0.00 + 0.00 
Medial Uteral Tot. MIL 
Rostral 0.48 + 0.19 0.81 ' 0.76 0.64 + 0.44 
Caudal 0.38 : 0.45 1.62 + 1.26 0.89 ι 0.49 
Tot. M+L+R+C 
TOt. R+C 0.43 + 0.32 1.21 + 1.06 0.76 i 0.45 
MM т о т Medial Uteral Tot. M+L 
Rostral 0.94 + 1.21 1.32 ι 1.72 1.14 + 1.50 
Caudal 1.65 + 2.42 2.08 + 2.44 1.84 + 2.43 
Tot. M+L+R+C j 
Tot. R+C 1.30 i 1.75 1.70 ι ?.05 1.49 ι 1.93 ί 
Table 4.4. Density distribution of senile plaques in the 
parahippocampal cortices of the control brains (1-3). The 
density is expressed as number per nun2 section of 20μ thickness 
(N/irnn2) L = left, R = right. Rostral = Entorhinal cortex, Caudal 
= perirhinal cortex. 
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Brai mr. 
41, 
Rostral 
Caudal 
Total 
45 
Rostral 
Caudal 
Total 
5L 
Rostral 
Caudal 
Total 
5R 
Rostral 
Caudal 
Total 
6L 
Rostral 
Caudal 
Total 
6R 
Rostral 
Caudal 
Total 
π. 
Rostral 
Caudal 
Total 
мштст 
Rostral 
Caudal 
Total 
CA4 
5.33*8.26 
3.7.0+7.16 
4.36+7.47 
12.80-20.86 
8.00+9.24 
10.67+16.00 
3.56+10.67 
3.20+7.16 
3.43^9.26 
1.00+4.00 
3.20+10.12 
1.85+6.90 
8.00+13.68 
6.00+8.28 
7.27+11.82 
18.46*19.43 
12.80+12.6? 
16.00+16.71 
3.00+6.45 
0.00+0.00 
2.00+5.41 
7.45+6.21 
5.20+4.19 
6.51+5.23 
CA2/3 
42.66+40.05 
16.00+13.06 
32.00+33.73 
11.43+15,22 
20,00+20.13 
14.55+16.71 
2.64+6.23 
0.00+0.00 
1.88+5.31 
9.60+25.24 
0.00+0.00 
5.33+19.01 
27.43+29.05 
20.57+28,79 
25.14+28,43 
19,56+20.94 
22.00+29.55 
20.31+23.32 
14.00+18.36 
7.27+8.36 
11.26+15.25 
18.19+13.32 
12.26+9.69 
15.78+10.77 
CAÍ 
96.00+49.96 
72.89+18.09 
84.44:38.34 
64.00+47.33 
46.00+21.70 
55.53+37.57 
48.46+33.94 
52.92+45.44 
49.6/136.94 
51.49+34.44 
35.05+33.42 
43.64+34,57 
122.43+49.58 
85.33i50.48 
107.79+52.57 
165.57+74.67 
108.53+76.66 
139.81+19,97 
89.60'66.56 
31.27+39.95 
59.05+61.16 
91.08+42.18 
61.73+28.42 
77.13+35.56 
Ш ' 
146.29M07.29 
154.67^64.66 
86.40+43.46 
118.59+53.98 
162.91+58.49 
174,67+70.72 
58.67+41.57 
128.89+42.94 
Subiculm 
66.29;37.44 
72.00-56.08 
69.33+46.71 
72.89-68.40 
82.00-122.28 
77.18+94.36 
64.00-47.29 
67.20+54.83 
65.37+49.90 
36.57135.34 
46.00+35.48 
40.00-35,27 
89.85-89.69 
89.41:57,71 
89.60+71.87 
140.00+131,31 
97.52+121.42 
118.24+126.59 
68.00-96.96 
32.00+50.34 
49.56+77.88 
76.80+32.02 
69.45+23.48 
72.75+25.98 
Presubic. 
2.29+6.05 
4.57:12.09 
3.43:9.26 
í.57+7.81 
¿,00+7.41 
4.2/1/.32 
3.20+8.97 
1.60+5.06 
2,56+7.56 
6.59+17.03 
1.23+4.44 
4.27+13.24 
3.76+7.00 
2.00-5.47 
2,91+6.27 
5,60-10.73 
7,47-15.85 
6.40+12.99 
4,87-8.94 
2.91*6.32 
3.91+7.75 
4.41+1.46 
3.40-2.18 
3.96-1.26 
CA+subic 
-presub. 
63.24+72.16 
40.73:44.02 
53.33:62.04 
46.80-59,47 
40.57:70.95 
44.24:64,01 
3/./3-42.77 
36.00+48.23 
37.15:44.52 
40.07+50.27 
22.35:31,90 
33.34:44.93 
68.87:75.30 
48.00+56.53 
60.39:68,87 
88.75-101.65 
6?.03;8β.28 
77.85+97.06 
39.08+63,33 
17.90+35,16 
29.62:53.56 
54.93+19.33 
38.23+14.97 
47.99+17.12 
Table 4.5. Density distribution of neurofibrillary tangles in the 
hippocampal formation of the Alzheimer brains (4-7). The density 
is expressed as number per mm2 section oí 20Mm thickness 
(mean + SD) . L=left, R=right. 
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Brainnr 
4 
Rostral 
Cariai 
Tot R+C 
5 
Rostral 
Caudal 
Tot R+C 
6 
Rostral 
Caudal 
Medial 
47 55+23 82 
17 31+1 84 
30 30+27 34 
Medial 
35 72+19 85 
7 00+1 41 
26 15+21 37 
Medial 
62 47+17 55 
4 67+6 32 
LETT 
Lateral 
59 88+26 41 
16 59+8 95 
41 33+30 18 
üteral 
58 64+26 23 
34 24+18 62 
46 44+24 77 
Lateral 
99 47+2 52 
45 07+20 45 
Tot M+L 
53 72+23 74 
11 95+5 24 
Tot M+L+R+C 
35 82+28 09 
Tot M+L 
47 18+22 36 
18 β/+10 81 
Tot M+L+R-C 
33 03+22 21 
Tot M+L 
80 97+9 18 
24 8 M 3 20 
Tot M+L+R+C 
RICHT 
Rostral 
Caudal 
Tot R+C 
Rostral 
Caudal 
Tot R+C 
Rostral 
Caudal 
Medial 
32 79+10 68 
6 62+1 63 
21 57+15 92 
Medial 
49 57+21 88 
8 00+6 28 
35 72+27 50 
Medial 
71 26+18 45 
40 55+22 12 
Lateral 
45 86+18 36 
18 44+2 69 
34 11+19 64 
La»-eral 
46 69+17 52 
27 89+11 88 
37 29 17 12 
Lateral 
89 47+41 V 
47 14+14 02 
Tot M+L 
39 32+11 54 
12 5311 81 
To- v+L+R+C 
27 84+16 52 
TO. CU 
48 13+19 36 
15 95+5 61 
To: M+L+R-C 
32 04-21 68 
TOk M+L 
80 36^28 42 
43 85+18 02 
ΤΟ* M „-R С 
Tot R+C 33 57+33 22 72 27+32 05 5' 92+31 78 
Medial lateral Tot MíL 
Rostral 
Caudal 
To* R-C 
16 86+7 48 
8 17+14 61 
12 5141 70 
12 00+25 62 
6 74+6 73 
39 37+38 95 
44 43116 21 
7 46+ 8 19 
Tot w+L+R+C 
25 94+23 06 
Tot R+C 55 90-25 00 68 31+36 71 62 10-29 43 
мштот 
Ros-ral 
Caudal 
Tot R'C 
Medial Lateral Tot M*L 
45 17+18 48 67 43 20 67 56 30+Г 19 
13 18+12 4 28 02-15 11 19 3511? 15 
30 87+13 56 48 45 15 43 
Tot M'L+R^C 
38 53 13 63 
Table 4.6. Density distribution of neurofibrillary tangles in the 
parahippocampal cortices of the Alzheimer brains (4-7). The 
density is expressed as number por mm2 section of 20цт thickness 
(mean + SD) L = left, R = right. Rostral = Entorhinal cortex, 
Caudal = perirhinal cortex. 
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Brainnr. C M CA2/3 CAI CAI' Subiculum Prcsubic. С.Л.+ (PrelSUnc. 
IL 
Rostral 0.00 + 0.00 0.00 * 0.00 0.00 * 0.00 0.00 í 0.00 0.00 + 0.00 0.00 + 0.00 0.00 i 0.00 
Caudal 0 00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 * 0.00 0.00 ι 0.00 0.00 i 0.00 
Total 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 ; 0.00 0.00 í 0.00 0.00 ; 0.00 
IR 
Rostral 0.00 + 0.00 0.00 + 0.00 0.42 + 2.60 0.00 + 0.00 0.00 + 0.00 0.76 * 3.49 0.25 * 2.00 
Caudal 2.67 * 6.53 0.00 + 0.00 0.00 + 0.00 0.00 > 0.00 0.00 + 0.00 0.18 ; 1.71 
Total 0.73 + 3.41 0.00 ι 0.00 0.21 t 1.85 0.00 * 0.00 0.44 + 2.67 0.22 ; 1.88 
2L 
Rostral 1.23 - 4.43 0.00 · 0.00 0.55 * 2.97 0.00 + 0.00 1.07 + 4.13 0.94 + 3.88 0.68 + 3.26 
Caudal 0.00 t 0.00 0.00 * 0.00 0.57 + 3.02 0.00 + 0.00 0.00 + 0.00 0.20 : 1.79 
M a l 0.76 t 3.49 0.00 + 0.00 0.56 + 2.97 0.43 + 2.63 0.43 ι 2.63 0.46 + 2.69 
Ш 
Rostral 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 
Caudal 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 1 0.00 0.00 + 0.00 
Total 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 t 0.00 0.00 + 0.00 
3L 
Rostral 0.00 + 0.00 0.00 + 0.00 1.26 + 5.74 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.35 + 3.04 
Caudal 0.00 .i 0.00 0.00 + 0.00 0.00 + 0.00 0.70 + 3.34 0.00 + 0.00 0.18 + 1.70 
•total 0.00 + 0.00 0.00 + 0.00 0.77 + 4.51 0.36 + 2.41 0.00 + 0.00 0.28 + 2.59 
3R 
Rostral 0.00 + 0.00 0.00 + 0.00 0.78 + 3.49 2.67 + 8.23 0.00 + 0.00 0.00 + 0.00 0.62 + 3.68 
Caudal 0.00 + 0.00 0.00 + 0.00 0 62 + 3.14 1.60 + 4.92 0.00 + 0.00 0.67 + 3.22 
•total 0.00 + 0.00 0.00 + 0.00 0.72 + 3.33 0.76 + 3.45 0.00 + 0.00 0.63 + 3.51 
Mean Total 
Rostral 0.21 + 0.50 0.00 + 0.00 0.50 + 0.48 0.18 + 0.44 0.28 + 0.44 0.32 + 0.29 
Caudal 0.45 + 1.09 0.00 + 0.00 0.20 + 0.31 0.38 + 0.66 0.00 + 0.00 0.21 + 0.25 
Total 0.25 + 0.38 0.00 + 0.00 0.38 + 0.35 0.45 + 1.09 0.26 + 0.31 0.15 + 0.22 0.27 + 0.25 
Table 4.7. Density distribution of neurofibrillary tangles in the 
hippocampal formation of the control brains (1-3). The density 
is expressed as number per mm2 section of 20цт thickness 
(mean + SD). L=left
r
 R=right. 
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Brainnr LETT FIGHT 
1 
Rostral 
Caudal 
Tot R+C 
2 
Medial 
0 00+0 00 
0 67+1 34 
0 33+0 94 
Medial 
Lateral 
0 00+0 00 
0 00+0 00 
0 00+0 00 
Lateral 
TOt M+L 
0 00+0 00 
0 33+0 67 
Tot M+L+R+C 
0 17+0 47 
Tot. M+L 
Rostral 
Caudal 
Tot R+C 
Medial 
0 80+1 60 
0 00+0 00 
0 40+1 13 
№dial 
Lateral 
1 24+1 44 
0 57+1 15 
0 91+1 26 
Lateral 
Tot M+L 
1 02+0 71 
0 29+0 57 
Tot M+L+R+C 
0 65+0 71 
Tot M+L 
Rostral 0 67+1 15 1 33+2 31 0 75+1 50 
Caudal 0 00+0 00 0 44+0 77 0 17+0 33 
TOt M+L+R+C 
lot R+C 0 33+0 82 0 89+1 61 0 46+1 05 
3 Medial Lateral Tot M+L 
Rostral 0 00+0 00 0 36+0 73 0 18+0 36 
Caudal 0 45+0 89 0 00+0 00 0 22+0 45 
Tot № R H C 
TO* RtC 0 22+0 63 0 18+0 51 0 20+0 38 
Rostral 0 00+0 00 0 00+0 00 0 00+0 00 
Caudal 1 07+1 85 0 00+0 00 0 40+0 80 
Tol M*L*R+C 
TOt R+C 0 53+1 31 0 00+0 00 0 20+0 57 
Medial La-eral To+ M L 
Rostral 1 33+2 67 3 35+2 08 ? 34(2 28 
Caudal 2 29*1 26 1 26+0 87 1 784 30 
Tot R+C 1 81+2 18 7 30+1 85 2 06+1 75 
MEMI TOTAL Medial Lateral Tot M+L 
ROStral 0 47+0 56 1 05+1 27 0 72+0 90 
Caudal 0 75+0 86 0 38+0 50 0 53+0 62 
TOt R+C 0 60+0 60 0 71+0 88 0 62i0 73 
Table 4.8. Density distribution of neurofibrillary tangles in the 
parahippocampal cortices of the control brains (1-3). The density 
is expressed as number per mm2 section of 20 urn thickness 
(mean + SD) L = left, R = right. Rostral = Entorhinal cortex, 
Caudal = perirhinal cortex. 
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Brainnr. СЛ4 CA2/3 CAI subiculm C.A.+ Subie. 
4L 
Rostral 
Caudal 
Total 
4R 
Rostral 
Caudal 
Total 
5L 
Rostral 
Caudal 
Total 
5R 
Rostral 
Caudal 
Total 
6L 
Rostral 
Caudal 
Total 
7R 
Rostral 
Caudal 
Total 
7L 
Rostral 
Caudal 
Total 
Mean Total 
Rostral 
Caudal 
Total 
73.12 + 
104.00 * 
85.44 i 
76.96 + 
113.28 + 
88.48 i 
96,00 * 
172.48 * 
123.52 + 
119.68 + 
168,00 + 
134.56 i 
129.92 + 
194.40 + 
152.00 + 
104.00 * 
164.80 t 
127.36 + 
100.48 + 
156.48 í 
128.48 + 
100.02 + 
153,35 + 
119.98 * 
36.96 
41.60 
41.60 
40.96 
29.28 
41.12 
51.36 
95.84 
78.88 
59.20 
104.00 
77.76 
49.60 
92.64 
73.12 
60.96 
61.28 
67.04 
54.24 
74.40 
70.08 
20.69 
32.78 
24.37 
193.12 i 64.16 
286.24 i 111.52 
228.00 + 94.56 
239.20 ¿ 68.96 
275.36 + 67.36 
254.08+ 69.60 
320.00 + 91.20 
452.00+ 111.36 
360.64 + 113.92 
311.52+ 85.92 
436.00+ 59.04 
348.48+ 96.96 
276.64+ 96.48 
336.00+ 137.44 
292.96 + 110.08 
212.00 + 88.80 
300.00 + 48.16 
247.20 + 85.92 
295.36 + 62.OÍ 
299.36 í 57.44 
296.32+ 60.16 
263.98 + 49.80 
340.71 + 73.14 
289.67 i 50.70 
122.56 + 
142.56 + 
130.24 + 
97.60 + 
132.64 + 
108.64 + 
142.08 + 
167.36 + 
149.12 + 
149,92 + 
201.60 + 
161.44 + 
177.76 + 
176.96 + 
177.28 i 
153.60 + 
152.62 + 
153.12 + 
159.68 + 
196.80 + 
172.00 + 
143.31 + 
167.22 + 
150.26 i 
57.60 
82.24 
68.16 
58.56 
69.60 
64.00 
70.08 
83.84 
74.08 
63.36 
82.72 
70.56 
67.84 
73.60 
68.80 
76.64 
53.76 
63.04 
61.76 
77.60 
69.12 
26.22 
26.36 
24.05 
157.76 + 
150.88 + 
153.92 + 
153.12 + 
169.44 + 
162.56 ; 
161.76 * 
183.20 + 
171.52 * 
190.72 + 
249.60 + 
207.04 + 
170.88 + 
204.32 + 
190.24 + 
184.80 + 
210.24 + 
199.04 + 
158.08 + 
166.88 + 
162.24 + 
168.16 + 
190.65 + 
178.08 + 
34.24 
43.04 
39.36 
42.88 
48.80 
46.72 
60.16 
69.44 
64.80 
66.24 
68.80 
71.20 
53.12 
70.72 
65.44 
38.08 
83,20 
67.20 
43,04 
56.64 
49.60 
14.55 
33,41 
20.59 
131.04 + 63.36 
156.00 + 83.36 
142.24 + 73.76 
126.72 + 78.08 
168.48 + 77.92 
143.36 + 80.48 
162.40 " 96.96 
208.96 + 122.24 
189.44 + 116.80 
180.96 + 93.76 
250.40 + 126.88 
199.84 + 108.00 
186.72 + 87.52 
211.52 + 97.28 
197.44 + 92.32 
158.72 + 79.04 
199.52 + 82.24 
178.24 + 82.72 
179.52 + 86.24 
186.56 + 78.72 
182.24 + 83.20 
160.87 + 24.09 
197.35 + 31.13 
176.11 + 24.01 
Table 4.9. Density distribution of pyramidal cells in the 
hippocampal formation of the Alzheimer brains (4-7). The density 
is expressed as number per surface area of section (N/mm2). 
L=left, R=right. 
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Braiimr. 
IL 
Rostral 
Caudal 
Tota 
IR 
Rostral 
Caudal 
Total 
2L 
Rostral 
Caudal 
Total 
2R 
Rostral 
Caudal 
Total 
3L 
Rostral 
Caudal 
Total 
3R 
Rostral 
Caudal 
Total 
Mean M a l 
Rostral 
Caudal 
Total 
CA4 
85.92 + 
161.76 + 
110.24 + 
105.76 + 
226.00 + 
129.60 + 
142.88 + 
208.00 + 
166.40 + 
156.80 + 
162.08 + 
159.04 * 
148.32 + 
221.60 ι 
170.40 + 
80.00 + 
150.08 + 
108.00 + 
119.95 + 
188.59 + 
140.61 + 
49.28 
55.04 
61.76 
45.12 
61.60 
68.48 
63.52 
79.84 
75.84 
88.80 
96.00 
90.72 
64.64 
1??.?4 
91.20 
52.32 
52.80 
62.40 
33.60 
34.42 
28.28 
CÄ2/3 
248.64 + 97.44 
342.08 + 89.28 
281.44 + 103.68 
326.24 + 101.60 
344.48 t 48.96 
335.04 + 79.84 
306.56 + 55.20 
317.28 + 107.20 
310.08 + 74.56 
366.24 + 98.88 
365,12 + 109.92 
365.76 + 101.28 
285.92 + 112.64 
378.08 • 121.28 
317.28 + 122.56 
295.36 + 82.56 
382.56 + 98.24 
322.72 + 95.52 
304.83 + 39.59 
354.93 + 24.88 
322.05 - 27.91 
CAÍ 
206.88 + 74.88 
222.24 + 66.88 
214.40 + 
224.64 + 
240.96 + 
231.84 + 
259.84 + 
329.44 + 
285.76 + 
246.88 + 
344.64 + 
277.44 + 
295.20 + 
333.60 + 
313.60 + 
199.36 + 
365.12 + 
251.52 + 
238.80 -
306.00 + 
262.43 * 
70.88 
86.72 
76.32 
81.76 
98.72 
92.48 
101.76 
90.56 
121.28 
110.24 
153.76 
Ш.92 
147.68 
63.68 
134.56 
119.36 
35.96 
59.24 
36.74 
SubiculUB 
151.04 + 
179.20 + 
163.84 + 
173.28 + 
203.52 + 
186.56 + 
202.56 + 
209.28 + 
205.44 + 
224.00 + 
201.76 + 
214.72 + 
219.68 + 
190.24 + 
207.36 + 
166.88 + 
215.04 + 
187.68 + 
189.57 + 
199.84 ι 
194.27 + 
69.76 
80.48 
74.88 
50.56 
102.56 
78.08 
56.48 
58.08 
56.64 
62.24 
68.32 
65.12 
83.68 
71.36 
79.20 
69.12 
63.19 
70.08 
30.09 
13.08 
18.67 
C.A.+ SubiC. 
181.28 + 95.84 
228.00 + 94.88 
200.80 + 97.92 
190.88 + 105.28 
257.12 + 94.40 
216.48 + 106.08 
233.92 + 95.52 
276.32 + 102.24 
249.92 + 100.00 
244.96 + 104.96 
268.32 + 131.68 
253.60 + 115.84 
234 08 + 120.32 
282.56 + 138.24 
252.80 + 129.44 
187.62 + 99.11 
270.93 У 134.06 
217.73 i 119.54 
212.12 + 28.42 
263.88 + 19.53 
231.89 + 22.97 
Table 4.10. Density 
hippocampal formation 
is expressed as number 
L=left, R=right. 
distribuLion of pyramidal cells in the 
of the control brains (1-3). The density 
per surface area of section (N/nun2 ) . 
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Case D i a g n o s i s CA4 CA2/3 CAI Subicul im CA + Subie. 
1 L 
R 
2 L 
R 
3 L 
R 
0.53 
0.62 
0.52 
0.58 
0.55 
0.35 
0.73 
1.03 
0.82 
0.93 
1.02 
0.71 
3.75 
3.85 
2.55 
2.73 
3.33 
2.75 
1.10 
1.69 
1.18 
1.63 
1.19 
1.01 
6.02 
7.19 
5.07 
5.87 
6.09 
4.82 
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5 GENERAL DISCUSSION 
5.1 SENILE PLAQUES 
The results concerning the distribution of SP's in the 
different hippocampal subfields are to a considerable extent 
consistent with those reported in the literature (e.g. Hyman et 
al., 1986; Grain & Burger, 1988): in AD the molecular layer of 
the dentate gyrus and the CAI area are affected heavily by SP's 
when compared to CA2/3 and CA4. It was also found that less 
affected areas such as CA4 and CA2/3 still contain significantly 
(+ lOx) more SP's in AD than in controls. Some new observations, 
however, can be added to the existing knowledge in this respect. 
The subiculum, the main source of hippocamapal efferents, takes 
to the same degree part in the damage caused by SP's in AD, as 
CAI and the fascia dentata. By the author's knowledge, the CAI' 
area has not been considered in morphometric studies on AD as 
yet. However, the present study shows that SP's invado this area 
as severely as the dentate gyrus, CAI and the subiculum. A 
rostrocaudal gradient in the hippocampus, when looking at SP's, 
has equally not been considered in the literature. There was a 
tendency, although not a significant one, of the rostral part of 
the hippocampus to contain more SP's than the caudal part. 
According to Witter et al. (1989), the rostral part of the 
dentate gyrus - and therefore, because of the topographic 
organization of the hippocampal circuitry - the rostral part of 
the hippocampus as a whole, may be immediately or at least 
powerfully influenced by olfactory information whereas the caudal 
part would be predominantly influenced by cortical sensory 
information. This evidence could point to part of the organic 
substrate of the recently reported deficits of both odor 
identification and detection in AD (Doty et al., 1987), as well 
as to the validity of the theory that AD pathology initially 
spreads out in the brain via the olfactory pathways (see also the 
paragraph on NFT's in this section). However: it should be 
reemphasized that rostrocaudal gradients are not dramatic, so 
that the evidence for the above theory presented in this study is 
still inconclusive. 
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5.2 NEUROFIBRILLARY TANGLES 
The results concerning the difference in the density of 
neurofibrillary tangles between Alzheimer and control hippocampi 
reported in this study are consistent with earlier studies which 
had concluded that the involvement of the hippocampal and 
parahippocampal cortices in AD is many times more severe than 
could be attributed to physiological aging (e.g. Ball, 1976, 1977 
1978; Kemper, 1978). From the present results it can also be 
deduced that in normal aging the distribution of NFT's within 
the hippocampus is more random than in AD with repect to 
rostrocaudal gradients as well as the distribution in the 
different subfields (although the highest density of NFT's was 
found, both in AD and controls, in CAI and CAI'). For the control 
cases this can also be said for the parahippocampal cortices, in 
which there was no clear rostrocaudal, nor a lateromedial 
gradient. The density of NFT's in the parahippocampal cortices in 
controls was generally higher than in the hippocampus. This is in 
accordance with the observation made by Mann et al. (1988) in 
which in patients dying with Down's syndrome - in some respects a 
valid model of the pathogenesis and progression of AD - the early 
NFT's were essentially focussed within the large nerve cells of 
the stellate layer of the entorhinal cortex rather than in the 
hippocampus. In AD the reverse relations were found, i.e. a 
higher density in the hippocampus than in the parahippocampal 
cortices. 
With respect to the intrahippocampal distributions of NFT's 
in AD, the finding that CAI and the subiculum are most 
susceptible to the formation o± NFT's is also consistent with 
earlier studies (Goodman, 1953; Hirano & Zimmerman, 1962; Yamada 
& Mehraein, 1968; McLardy, 1970; Ball, 1976, 1977, 1978; Kemper, 
1978). However, a new fact can be added to this knowledge: the 
CAI' area in the rostral hippocampus, which has as yet not been 
considered in AD, turned out to be the most affected area in the 
hippocampus by NFT's. This area is known to be intensively 
connected with the amygdala (Saunders et al., 1988) , together 
with the also severely involved "prosubiculum". The high density 
of NFT's in this area (CAI') is correlated with a high density of 
SP's in this area. 
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The observation that the rostral part of the hippocampus is 
more affected than the caudal part as regards neurofibrillary 
tangles, is the opposite of the conclusion drawn by Ball (1976, 
1977) who stated that in AD the posterior part of the hippocampus 
is significantly more heavily affected than the anterior part. 
This can be explained by methodological differences, i.e. Ball 
did not examine the most anterior part of the hippocampus, known 
as the pes hippocampi: "Those sections from blocks anterior to a 
well formed capital С configuration of the fascia dentata were 
not screened" (Ball, 1977). All other studies were also 
restricted to the caudal ("post-pes") part of the hippocampal 
formation. Knowing the well circumscribed connections of the 
anterior hippocampus with the amygdala, the olfactory 
connections of the amygdala (e.g. Eslinger et al., 1982), and 
the connections of the anterior hippocampus with olfactory 
pathways via the entorhinal cortex (the olfactory portion of the 
entorhinal cortex receives a direct projection from the olfactory 
bulb (e.g. Eslinger et al., 1982; Witter et al., 1989), these 
could be extra arguments in favour of the hypothesis that AD 
selectively "spreads" through certain neuroanatomically defined 
pathways, of which the olfactory pathway might be an initial one 
(Mann et al., 1988) Pearson et al., 1985; Saper et al., 1987). 
The low density of NFT's in the presubicular region in AD is 
in accordance with earlier observations concerning this area 
(e.g. Ball, 1978; Hyman et al., 1986; Kemper, 1978). A recent 
study, however, in which newly developed specific silver 
impregnation techniques for extracellular amyloid and 
intraneuronal neurofibrillary changes were utilized to examine 
the presubicular region, revealed that all subdivisions of the 
presubicular region are severely involved in AD (Kalus et al., 
1989). The authors of the study just mentioned considered this 
involvement of the presubicular region as effecting a disruption 
of the thalamo-presubiculo-entorhinal pathway, which would 
contribute, apart from the disruption of other pathways, to the 
memory impairment in AD. The discrepancies between the results in 
the above study by Kalus et al. (1989) and the other reports 
mentioned was ascribed to the newly developed techniques that 
were applied. 
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5.3 PYRAMIDAL CELL LOSS 
The description in chapter 4 of two different forms of cell 
loss, seen in the examined AD cases, especially in the CAI area, 
i.e. 1) a "diffuse", patchy loss of pyramidal cells preceded by 
NFT formation, and 2) a well circumscribed loss of "strips" of 
cells vertical to the pyramidal layer, raises the question 
whether these two mechanisms are specific for AD. For the 
"diffuse" cell loss preceded by NFT formation this is likely to 
be the case, because in this frame of reference it is logical to 
conclude that the more NFT's are formed, and the more "ghost 
tangles" are seen, the more pyramidal cells are lost due to 
replacement by the neurofibrillary tangles, whatever the (as yet 
unknown) precise pathophysiological mechanisms of the disease 
may be in this respect. 
For the other pattern of pyramidal cell loss, i.e. the 
distinct strips of vanished cells, the question is more difficult 
to answer. Morphologically, the pattern resembles the so called 
"Ammon's horn necrosis" due to vascular lesions, which has been 
reported to occur as frequently as 40% in normal aged individuals 
(average age 60 years) (Morel & Wildi, 1956). Although Ammon's 
horn sclerosis has also been described in epilepsy in Sommer's 
sector (CAD (Sommer, 1880), its topographical pattern of 
selective neuronal breakdown allows differentiating criteria: in 
epilepsy, sector CAI is most vulnerable, followed by the 
terminal plate (CA4), whereas senile Ammon's horn sclerosis is 
evenly distributed throughout the hippocampus (Meencke et al., 
1983). The lesions in epilepsy are also larger than in senile 
Ammon's horn sclerosis (Meencke et al., 1983). Pathogenetically, 
the mechanism of "senile Aimnon's horn sclerosis" is unknown: 
neither meningeal nor intracerebral arteriosclerotic changes can 
be found (Meencke et al., 1983). Considering the literature 
mentioned above, it is likely that the second mentioned pattern 
of neuronal loss is due to ischemic influences which also occur 
during normal aging, rather than in the AD process alone, 
although it should be noted that in none of the examined control 
cases of this study the "Ammon's horn necrosis" as described 
above was seen. 
The significant increase of neuronal density in the 
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rostrocaudal direction in the control hippocampi, as found in 
this study, is in accordance with earlier studies (Ball, 1977; 
Mountzen Dam, 1978), as well as the relative distribution of 
neuronal loss in AD in the two halves of the hippocampus, which 
is the same in the anterior and the posterior half (Ball, 1977; 
this study). However, despite the lower density of neurons in the 
anterior portion of the hippocampus, a higher density of NFT's 
was found in the anterior than in the posterior hippocampus (see 
above), which is the opposite of Ball's conclusion, due to the 
fact that Ball did not examine the pes hippocampi. Therefore, it 
can be concluded that the anterior hippocampus is more prone to 
NFT's than is the posterior halt. Because the structural 
organization of the hippocampus in its rostrocaudal extent is 
quite constant, so that this difference is unlikely to be due to 
structural differences, this difference could be due to its 
connectional organization. 
The most conspicuous finding as regards the difference in 
neuron density between AD and controls in the hippocampus as a 
whole, expressed in neurons/mm2, was the 43% difference in the 
CAI area, which was larger than in any other subfield. This is a 
confirmation of earlier studies: Ball (1977) found an overall 
47% decrease in neuronal density in the entire hippocampus, with 
special emphasis on neuronal loss in the CAI area; Mann et al. 
(1985) also found a 47% loss of pyramidal cells in this area. In 
the present study, however, it could be shown that this decrease 
in density is accompanied by a decrease in volume of the CAI 
area of about 40%, which means an average cell loss in the CAI 
region of AD brains of about 70%. In CA2/3, CA4 and the 
subiculum, the combined decrease in neuronal density and regional 
volume leads to an average cell loss of about 30% in AD. 
A recent confirmation of the decrease of the hippocampal 
volume in patients with amnesia not due to AD, as well as in 
patients with AD, was made possible by the application of high-
resolution nuclear magnetic resonance (NMR), allowing 
demonstration of the hippocampal formation in "substantial 
cytoarchitectonic detail" (Press et al., 1989). In this study it 
was shown that the area of the hippocampal formation of amnesic 
(not AD) patients, measured on the basis of NMR images of the 
hippocampus perpendicular to its long axis, was 49% of that in 
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control subjects. Since this quantity ("area") is analogous with 
the "area per section" quantity as it is used in this study, 
which is proportional to the total volume of the hippocampus, the 
results reported by Press et al. are an additional evidence for 
the hypothesis that hippocampal atrophy occurs in amnesic 
conditions. Consequently, Press et al. conclude that "...Because 
damage to the hippocampal formation occurs prominently in AD, and 
memory impairment is one of its earliest symptoms, this protocol 
(high-resolution NMR) might be useful in achieving an early 
diagnosis of the disease...". The evidence that these "amnesic 
conditions" also include AD was recently demonstrated by Seab et 
al. (1988), who showed, also with NMR, that in AD the total 
volume of the hippocampus decreases by 40% compared to controls. 
Armed with this knowledge, one can safely state that in AD, the 
decrease of the density of pyramidal neurons in the hippocampus, 
as is unequivocally shown by the present study as well as by 
previous studies, is accompanied by a decrease of the total 
number of neurons in this structure. 
To the author's knowledge, estimations of absolute numbers 
of pyramidal neurons in the human hippocampus have only been 
performed in previously healthy subjects (Brown & Cassell, 1980; 
Seress, 1988), confined to counts in Ammon's horn. Another report 
about absolute neuron numbers in the hippocampal formation 
concerned the cell loss in the hippocampus of schizophrenics 
compared to controls (Falkai & Bogerts, 1986). 
The mean number of pyramidal cells in Ammon's horn in 
controls (CAI to CA4) reported in the present study (4.56 
million) differs 35% from those estimated by Brown & Cassell 
(7.05 million) and by Seress (7.04 million). This 35% difference 
may partly be caused by the fact that the present counts are 
restricted to a well defined portion of the hippocampus, i.e. 
that part of the pes that contains the fascia dentata until 2 
times this length caudally, which probably cause an 
underestimation of about 20% (see Materials and Methods 
section). In contrast, Brown and Cassell and Seress multiplicated 
counts of nucleoli or nuclei respectively with the total length 
of the hippocampus, which they however did not exactly define. 
Their procedure probably causes overestimation of neuronal 
numbers because of decreasing volumes in the most rostral and 
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caudal hippocampal parts. 
In a paper on cell loss in the hippocampus of schizophrenics 
compared to controls (Falkai ь Bogerts, 1986), a much higher mean 
total neuron numbers in Amnion's horn of controls than the numbers 
reported in the present work was reported: 102 million in control 
males and 82 million in control females. For the subiculum these 
numbers are also considerably higher than the the mean number 
estimated in the present report (1.43 million): 10 million in 
control males and 7 million in control females. In the paper 
mentioned, however, several methodological flaws can be 
indicated, for instance the overestimation of these numbers by a 
factor 10 due to demonstrable miscalculation- Furthermore, for 
determination of the total hippocampal volume a correction factor 
for shrinkage was used which is not necessary when combining 
volumetric and densitometric measurements for determination of 
absolute cell numbers. Finally, it remains unclear how samples 
were taken from the pyramidal layer for assessment of neuronal 
density. Thus, the total number of pyramidal neurons in total of 
the different subfields of Ammon's horn and the subiculum in 
controls is more likely to be in the order of the 5-7 minion as 
found in this and the two other studies mentioned, rather than 
the 80-100 million as estimated by Falkai & Bogerts, in which the 
total cell number in the subiculum was also overestimated. 
5.4 POSSIBLE CAUSES OF SELECTIVE CAI VULNERABILITY 
From the results obtained in the present study and related 
studies it follows that the CAI area appears to be a crucial 
structure in the neuropathology of AD as well as other diseases. 
The question thus arises which possible mechanisms could 
contribute to this phenomenon. One of the causes of the 
vulnerability of CAI in ischemia, to which it is extremely 
susceptible (e.g. Zola-Morgan et al., 1986), seems to be related 
with the neurotoxic properties of glutamate, an excitatory 
neurotransmitter found in CAI. Injection of a glutamate 
antagonist or elimination of the main excitatory input (the 
perforant path) prior to ischemia protects CAI against pyramidal 
cell loss (Meldrum, 1985; Wieloch, 1985). In this respect it is 
interesting to note that induction of paired helical filaments, 
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constituents of the NFT, of the Alzheimer type can be obtained in 
human nerve cells in tissue culture using glutamate and aspartate 
(De Boni et al., 1985), so that a focally accentuated cytotoxic 
mechanism might be one of the underlying causes of this regional 
predisposition of Alzheimer pathology in СЛ1 (Ball, 1988). 
To underscore the functional loss of the CAI area in AD, 
compared to other subfields, it is noted that in a recent study 
on the dendritic extent of hippocampal CAI pyramidal cells in 
SDAT (Yamada et al., 1988) a decrease in the number of basal 
dendrites, associated with a decrease in the size of their cell 
bodies was found. Moreover, dendritic changes were found neither 
in CA2/3 (Flood et al., 1987), nor in the subiculum (Flood eL 
al., 1985). Thus, there is not only abundant neuron loss in CAl-
70% in the present study - but in addition are the remaining 
pyramidal neurons more heavily affected than those in other 
hippocampal subfields, thus emphasizing the extra vulnarability 
of CAI in the Alzheimer and other conditions. 
5.b GENERAL CONCLUSIONS ON HIPPOCAMPAL DAMAGE IN AD 
In this section an attempt will be made to answer the 
questions that were posed in the "aims of thesis" section, based 
upon the results that were obtained m the present study, as well 
upon the literature surveyed m chapters 1 and ?. 
1) Which changes occur in the hippocampus during normal aging? 
Since in this study only Alzheimer cases were studied 
compared to age-matched controls this question can only be 
answered as regards the occurrence of senile plaques and 
neurofibrillary tangles in the control cases. Data regarding the 
time course of cell loss and increasing SP and NFT densities 
during normal aging cannot be taken into consideration since 
younger control cases were not studied. From the results 
concerning densities of NFT's and SP's in the control cases it 
can be concluded that the occurrence of these markers m the 
different subfields has about the same relative distribution as 
in AD, but at a much lower (absolute) level. The parahippocamapal 
cortices showed a larger susceptibility to the formation of NFT's 
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as well as SP's than the hippocampus including the subiculum and 
presubicular area. An interesting finding was that in the control 
cases no rostrocaudal difference existed in the distribution of 
SP's and NFT's, whereas in AD there seemed to be a rostrocaudal 
difference in the sense that the anterior hippocampus appeared to 
be the most affected part. It should be noted, however, that this 
tendency was stronger for the NFT's, and that for the SP's this 
gradient was not statistically significant for the examined 
sample. 
2) Can hippocampal changes during normal aging be correlated with 
changes in areas that directly project to the hippocampus? 
In a recent study (Mann et al., 1987), in which the 
incidence of SP's and NFT's in the brains of 60 non-demented 
persons was examined in several brain areas, it was concluded 
that if these markers are present in such brains, they are more 
likely to occur at greatest density within the hippocampus 
(including the parahippocampal cortices) and the amygdala, rather 
than within the neocortex or within other areas such as nucleus 
basalis, areas which are known to project directly to the 
hipocampus (or parahippocampal cortices). Therefore there seems 
to be an early or critical involvement of hippocampus and 
amygdala in the formation of NFT's and SP's in normal aging as 
well as in AD. It is known that the amygdala and hippocampus are 
directly and reciprocally interconnected, and that the amygdala 
is connected with the olfactory bulbs and tracts. It therefore 
seems more likely that the amygdala and hippocampus (plus 
parahippocampal cortices), possibly by means of these 
connections, are more primarily involved in the formation of SP's 
and NFT's in normal aging than are the neocortex and other 
(subcortical) areas. 
3) What is the distribution profile of the neuropathological 
markers of AD within the hippocampal formation as regards the 
different subfields and the layers of these subfields? 
As could be seen in the results of this study, certain areas 
of the hippocampal formation and parahippocampal cortices proved 
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to be more susceptible to the neuropathological changes which 
charactarize AD than other areas. The pyramidal layers of CAI, 
CAI', and the subiculum were invariably heavily involved in the 
formation of NFT's and SP's, wheras the CAI area showed a very 
considerable loss of pyramidal neurons. These areas are known to 
be the main output centers of the hippocampal formation, and they 
are also presumed to be important integrative areas in which 
considerable amounts of information coming from cortical 
associational areas are processed, eventually resulting in the 
formation of memories. The molecular layer of the fascia dentata 
which is known to be the target of the incoming cortical 
"perforant pathway", shows a considerable amount of SP's. As 
regards the parahippocampal cortices, the stellate layer of the 
entorhinal cortex showed an almost, if not entirely complete 
replacement of stellate neurons by NFT's, whereas the density of 
SP's in the entorhinal and perirhinal cortex turned out to be 
higher than in the hippocampus. 
4) Are there left-right differences or rostrocaudal differences? 
As was discussed earlier, no left-right differences in the 
distribution of pathology could be shown, whereas the presence of 
a rostrocaudal gradient NFT's could be made plausible: a higher 
density of NFT's in the anterior (pes of the) hippocampus 
compared to the caudal end of the hippocampus (p<0.05). A result 
opposite to that of Ball (1977), who, however, did noL examine 
the pes hippocampi (see earlier in this thesis). For the SP's 
this gradient was not statistically significani (p=0.063), 
although the mean density of SP's in the anterior porLion of the 
hippocampus turned out to be higher than in the posterior half. 
Moreover, there was a reverse difference in pyramidal cell 
density between the rostral and caudal portions of the 
hippocampus, consistent with earlier findings. The pyramidal cell 
loss in the rostral half of the hippocampus was proportional to 
that of the caudal half. 
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5) Is there a relation between the distribution profiles of 
senile plaques and neurofibrillary tangles as found in normal 
aging and in AD? 
As was already pointed out under 1), the distribution 
profile in the control cases as regards the neuropathological 
markers is largely the same when compared to the Alzheimer cases, 
with two considerable differences: a) the amount of SP's and 
NFT's in AD is much larger than in normal aging, and b) in AD a 
probable rostrocaudal gradient exists as regards the distribution 
of SP's and NFT's, which is not found in controls. 
6) Does the distribution profile of the pathological markers 
studied suggest a dissemination of the disease originating from: 
a)cortical areas other them the hippocampal formation? 
b)the hippocampal formation? 
с)subcortical areas? 
Considering the results of the present study, together with 
those in earlier studies (e.g. Pearson et al., 1985; Mann et al., 
1987; Mann et al., 1988) in which it was shown that the 
hippocampus (together with the amygdala and parahippocampal 
cortices) show the highest density of SP's and NFT's in normal 
aging (Mann et al., 1987), moderate cases of Down's syndrome 
(Mann et al., 1988), and AD (Pearson, 1985), the most probable 
answer to this question seems that the hippocampus (together with 
the amygdala and the parahippocampal cortices) is the initial 
site of formation of pathological markers in AD, provided that a 
dissemination of the disease indeed takes place via neuro-
anatomical pathways. The disease could then spread over the 
neocortex via the long cortico-cortical associational pathways 
(Pearson, 1985). A recent study by Vogels et al. (1989) supports 
this hypothesis. In this study it was shown that in the 
subcortical nucleus basalis of Meynert complex (NBMC), presumed 
to be the main source of cholinergic neurons in the brain, shows 
neuron shrinkage rather than neuron loss. The neuron loss in the 
different subfields of this area varied from 0% to 36%, whereas 
in the hippocampus the highest neuron loss (in the CAI area) 
probably approximates 70%! The relatively mild (secondary) 
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degeneration of the NBMC could in this line of reasoning be 
ascribed to a lack of trophic factors originating from the 
primarily degenerated cortical areas, among which the hippocampal 
formation. It should be noted that this proposed mechanism is 
rather an aspecific one than specific for AD. 
7) Can the distribution of AD pathology within the 
hippocampal formation be correlated with the intrinsic and/or 
extrinsic hippocampal circuitry? 
The findings as mentioned under 3) point in the direction of 
an almost complete disconnection and isolation of the hippocampus 
from the areas which are normally connected with it, especially 
the associational cortical areas and the amygdala, a hypothesis 
which was earlier proposed by Hyman et al. (1984). This de-
efferentiation and de-afferentiation of the hippocampal 
formation prevents this structure from maintaining its function 
which, as was pointed out in chapter 2, is very likely to be the 
(further) integration and consolidation of incoming information 
from the outside world. Although the pathogenesis of AD may noL 
be completely unraveled as yet, neither the question whether AD 
"spreads out" via distinct pathways, the above findings can with 
a rather high degree of certainty be said to take account for the 
early clinical symptoms of the disease, i.e. the memory 
disturbance. 
As regards the intrinsic hippocampal circuitry, the findings 
mentioned above mean a very considerable disruption of the 
intrahippocampal information flow (e.g. Zola-Morgan et al., 
1986), by means of disruption of the multisynapLic intrinsic 
hippocampal circuit as described earlier in this thesis, i.e. the 
circuit originating and ending in the parahippocampal cortex, and 
running through the different hippocampal subfields. In this 
study it turned out that in this multisynaptic chain, the CAI 
area is the weakest link with regards to the neuropathology in AD 
(neuron loss, senile plaques and neurofibrillary tangles). This 
is largely in accordance with conclusions in earlier studies, but 
a new aspect can now be added to this knowledge: the CAI' area in 
the rostral part of the hippocampus, but not considered earlier 
in neuropathological studies, turned out to be specifically 
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invaded by senile plaques and neurofibrillary tangles, causing a 
further isolation of the hippocampus from its surroundings, since 
this area is known to be in reciprocal connnection with the 
amygdala. 
8) Is it possible to formulate, on the basis of the findings 
reported in this thesis, new concepts with regard to the neural 
substrate of memory? 
Given the facts in the literature cited in this thesis, in 
which it became evident that the hippocampus is very likely to be 
involved in memonic processing, and given the finding in several 
studies that the hippocampus and parahippocampal cortices are the 
initial sites of pathology in AD, it is a logical assumption 
that the early amnesic symptoms in AD are due to this early 
pathology in the structures mentioned. In this respect it is 
interesting to note that a complete bilateral dropout of the 
pyramidal neurons in the CAI area as described in case "R.B." 
(Zola-Morgan et al., 1986, see earlier) appears to be sufficient 
to cause a severe amnestic syndrome, characterized by a pure 
anterograde amnesia (loss of the ability to learn), in which 
other higher cognitive functions are intact. However, in the 
other described clinical case ("G.R.", Ball, 1988, see earlier), 
which was clinically diagnosed as having probable AD, the 
combination of severe dropout of nerve cells in CAI and the 
subiculum (with no other histological lesions) appeared to 
suffice to generate the complete clinical spectrum of 
incapacitating dementia of the Alzheimer type. Although, of 
course, these two cases are not sufficient to draw general 
conclusions as regards the structural substrate of "pure" amnesia 
on the one hand, and of the complete dementia syndrome on the 
other, they raise interesting questions concerning the functional 
cooperation of the subiculum and CAI, and the role of this 
cooperation in the clinical symptoms of AD. In this line of 
reasoning, it could be hypothesized that severe damage to the 
subiculum, which is known to be the main output centre of the 
hippocampus, is an important prerequisite for the genesis of the 
symptomatology of AD, although such a hypothesis is very 
speculative. 
152 
A new question, arising from the results of this study, that 
can be added to the many questions concerning the neural 
substrate of memory is the clinical significance of the selective 
mutual disconnection of the hippocampus and the amygdala. 
Earlier in this thesis it has been mentioned that the amygdala 
plays an important role in establishing associations between 
stimuli of the environment and the emotional system. 
Theoretically, although highly speculative and highly 
oversimplified, this could mean that, by means of the amygdalo-
hippocampal disconnection, the "emotional color" of memories 
which are mediated by the hippocampal formation would disappear. 
In general, since the hippocampus, amygdala and the 
parahippocampal cortices are structurally interconnected 
(Saunders & Rosene, 1988); given the fact that these structures 
are heavily affected by the pathology of AD, also in its early 
stages; and given the fact that these structures are all involved 
in the formation of memories, it can be finally concluded that 
the désintégration of these structures in AD can be held 
responsible for the severe disturbance of the process of the 
consolidation of memory in many of its qualities, which occurs in 
AD. The pathology which occurs in the neocortical areas in AD 
could then be held responsible for the later occur ing 
disturbances in remote memory, personality changes, and other 
higher cognitive functions. 
5.6 SOME FINAL REMARKS 
One of the main questions asked in the present study is 
whether the process of AD exclusively spreads out via distinct 
neuroanatomically defined pathways, and whether this is possibly 
caused by some exogenous factor that "comes in" via the olfactory 
pathway, which is the part of the nervous system that has the 
closest contact with the outside world. Some arguments supporting 
this theory have already been mentioned: the fact that the 
anterior portion of the hippocampus, which is indirectly 
connected with olfactory structures, showed a higher density of 
NFT's than the posterior part. Since the density of pyramidal 
cells of the hippocampus shows the reverse tendency, it can be 
said that the anterior part of the hippocampus shows an "extra" 
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sensitivity to the formation of NFT's. Another argument in favour 
of this theory is the fact that the (intrahippocampal) 
neuropathological features under study showed the highest density 
in those areas which are known to be reciprocally connected with 
the amygdala, another structure with olfactory connections. 
In the present study, however, there can also be found 
arguments against the hypothesis that AD spreads via distinct 
neuroanatomical pathways. For instance, in chapter 2 of this 
thesis it was made clear that the intrinsic circuitry of the 
hippocampus consists of a multisynaptic chain which originates in 
the entorhinal cortex and which connects the different 
hippocampal subfields with each other. If AD would exclusively 
spread via neuroanatomical pathways, then it can also be expected 
that these subfields would be more or less equally affected by 
the neuropathological AD lesions. In chapter 4 it turned out that 
this is certainly not the case for the different hippocampal 
subfields: some of the subfields were heavily affected, whereas 
other neuroanatomically connected subfields in the direct 
vicinity of these heavily affected fields remain almost 
completely spared from the markers considered in the present 
study. Moreover, there did not appear to be a clear correlation 
between the degree of occurence of the SP's and NFT's in various 
interconnected hippocampal subdivisions. The most illustrative 
example of this lack of correlation between AD markers within the 
hippocampus is the high density of SP's in the molecular layer of 
the fascia dentata, whereas no NFT's were seen in the granular 
cells of the same subfield. This correlation can be expected to 
be higher if AD indeed specifically spreads via neuroanatomically 
defined (i.e. intrahippocapal) pathways. A final argument against 
the proposal of a "spreading out" of AD via the olfactory 
pathways is given by the fact that in findings on mentally able 
persons, SP's and NFT's were found in the hippocampal formation 
and amygdala, often in the absence of such changes in olfactory 
bulbs and tracts (Mann et al., 1987). 
In conclusion, the arguments mentioned do not seem to point 
in the direction of AD "coming in via the nose", nor is it likely 
that the "spreading out" via neuroanatomical connections is 
specific for the disease, but rather an aspecific incidental 
circumstance merely indicating that certain cells and cell groups 
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are more susceptible to the disease than others. What does seem 
to be likely, is that the disease primarily affects the cortical 
areas followed by a secondary degeneration of the subcortical 
structures (e.g. NMBC, brain stem nuclei) which are connected 
with the cortex. 
CHAPTER 6. SUMMARY. 
In this thesis, the distribution pattern of the three main 
neuropathological markers in Alzheimer's disease (AD) i.e. the 
senile plaque (SP), the neurofibrillary tangle (NFT), and the 
loss of neurons within the hippocampal formation is 
investigated. 
In chapter 1 ("general introduction"), different aspects 
(epidemiology, genetics, biochemistry, neuroanatomy) of this 
disease are briefly discussed. The reviewed data concerning the 
epdidemiology of AD show that more than 50% of the dementias is 
caused by AD, and that with the strong increase of the ageing 
population one can truly speak of a "silent epidemic", with 
enormous economic consequences. Furthermore it was made clear 
that, although enormous progress has been made in the knowledge 
about AD in many of its aspects, no primary cause, nor a causal 
therapy has been found as yet. Finally, the contours of the frame 
of reference in which this study was carried out, were outlined. 
Chapter 2 ("the hippocampal formation") deals with 
structural, connectional, functional, historical, and 
neuropathological (in AD) aspects of the hippocampal formation. 
It was shown that the hippocampus is a phylogenetically "old" 
part of the cortex, and that it shows a considerable increase in 
size during the course of phylogenesis, suggesting an important 
functional significance in man. Functionally, the hippocampus is 
likely to be involved in the process of consolidation of memories 
in the brain. It is pointed out, however, that the hippocampus is 
not the site of storage of memories, but rather an integrative 
center, processing incoming information of different modalities, 
mainly coming from multimodal associational areas of the 
neocortex. The major characteristic of the extrinsic hippocampal 
circuitry, viz. , is its reciprocal connectivity with widespread 
parts of the cortical mantle, in which the parahippocampal cortex 
functions as a relay station. The main feature of the intrinsic 
hippocampal circuitry is the multisynaptic chain which originates 
and ends in the entorhinal cortex, and which passes through the 
consecutive hippocampal subfields. In the review on the 
neuropathology in the hippocampal formation in AD, it turned out 
that the hippocampus is early and severely affected, and that AD, 
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due to the main symptom of the disease, i.e. the memory 
disturbance, is sometimes referred to as "a hippocampal 
dementia". 
In chapter 3 ("materials and methods"), the histological, 
morphometrical and stereological procedures used, are described. 
In short, equidistant sections perpendicular to the long axis of 
the hippocampal formation were systematically studied. The key 
concept in this chapter is "systematic sampling with a random 
start", which is theoretically and experimentally superior to 
other sampling methods. Furthermore, a method is described by 
which the loss of neurons in AD can be expressed as absolute 
neuron loss, in which both the change in neuronal density as well 
as the change in tissue volume containing these neurons, are 
taken into account. 
Chapter 4 ("results") concerns the results of the 
investigation. With regards to the senile plaques, it was shown 
that there is a statistically significant difference in the mean 
density between the AD and control cases. IL could also be shown 
that the SP density in AD in the parahippocampal cortices (i.e. 
the entorliinal cortex and the perirhinal cortex) is higher than 
in the hippocampal subfields. Of the different hippocampal areas, 
the fascia dentata, CAI, CAI' (in the rostral part of the 
hippocampus) and the subiculum are most heavily affected by SP's. 
Furthermore, the SP's showed a tendency to cluster in the rostral 
part of the hippocampus, although this could not be substantiated 
statistically. 
The NFT density in AD cases was up to 150 times higher than 
in the controls. The density of NFT's in the hippocampus was 
higher tan that in the parahippocampal cortices. As concerned the 
parahippocampal cortices it could be shown that the density in 
the entorhinal cortex is higher than in the perirhinal cortex. In 
the entorhinal cortex the NFT's appeared to cluster in the 
stellate and the pyramidal layer, the origin and target zone of 
the "entorhinal-hippocampal loop", respectively. Within the 
hippocampus, NFT's cluster mainly in CAI, CAI', and in the medial 
part of the subiculum ("prosubiculum"). For the sum of the 
hippocampal subfields a statistically significant rostrocaudal 
gradient could be shown. When CAI' is considered a rostral 
continuation of the CAI area, this gradient is also valid for 
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CAI. This finding is in contrast with earlier reports which state 
that the caudal half of the hippocampus is more invaded by 
NFT's. The explanation of this contrast is quite simple: in these 
reports, the most anterior part of the hippocampus ("pes 
hippocampi") has not been taken into consideration. 
As concerned neuronal loss, a significant decrease in 
neuronal density could be shown in the CAI area (43%), and in the 
sum of the hippocampal subficlds (24%), whereas the other 
subfields showed a non-significant decrease in neuronal density. 
When the change in tissue volume in AD is also taken into 
account, the decrease in neuronal number (expressed in absolute 
numbers) increases quite dramatically: 72% for the CAI area, 54% 
for the sum of the subfields, and 32% for CA4, CA2/3, and the 
subiculum (statistically significant). 
In chapter 5 ("general discussion"), the results are 
disussed. It is concluded that the distribution pattern of the 
neuropathologic markers found, is generally consistent with the 
earlier literature on this subject. However, with the results of 
this study, some new findings can also be added to the existing 
knowledge: 
-The fact that, due to the decrease in tissue volume of the 
hippocampus in AD, neuronal loss is larger than has been 
previously assumed. 
-The fact that the anterior part of the hippocampus is more 
affected by NFT's than the caudal part, and that for SP's the 
same (but not significant) trend existed. 
-The fact that the amygdalo-hippocampal connections are 
selectively disrupted in AD. 
The results are put in the perspective of hippocampal 
connectivity. The cell-specific pathology in AD found in this 
study (and previous studies) effectively de-efferentiates and de-
af f erentiates the hippocampus, whereas the intrinsic circuitry is 
also severely disrupted, mainly by the severe damage of the CAI 
area. This isolation of the hippocampus from its surroundings, as 
well as rhe intrahippocampal damage, is probably the anatomical 
substrate for the memory disturbance in AD which is the key 
symptom throughout the course of the disease. The specific 
involvement of the amygdalo-hippocampal connections, and the 
preference of the neuropathological features to occur in the 
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anterior portion of the hippocampus might point in the direction 
of a specific dissemination of the disease via certain 
neuroanatomically defined pathways, i.e. the olfactory pathways. 
Finally, the arguments against this hypothesis are put forward. 
It is concluded that the evidence for the latter arguments is 
stronger than for the former, although no decisive proof for 
either argument has been found as yet. What does seem to be 
certain, is that the site of the primary parenchymal lesion in AD 
is the cortex, e.g. the hippocampal formation, and that Lhe 
subcortical structures secondarily degenerate in AD. 
SAMENVATTING 
In dit proefschrift wordt het distributiepatroon van de drie 
belangrijkste neuropathologische determinaten die worden 
aangetroffen in de Ziekte van Alzheimer (ZA), te weten de seniele 
plaque (SP), de neurof ibnllaire tangle (NFT) , en het 
neuronenverlies in de formatio hippocampi (FH) aan een nader 
onderzoek onderworpen. 
In hoofdstuk 1 ("algemene introductie") worden 
epidemiologische, genetische, biochemische, en neuroanatomische 
aspecten van deze ziekte in het kort besproken. Uit de besproken 
literaruurgegevens blijkt dat meer dan 50% van de dementieen 
wordt veroorzaakt door ZA, en dat met de sterke vergrijzing van 
de populatie met recht gesproken kan worden van een "stille 
epidemie" die gepaard gaat met enorme economische consequenties. 
Voorts blijkt dat, ondanks de enorme vooruitgang die gemaakt is 
in de kennis betreffende ZA, tot op heden een primaire oorzaak 
noch een causale therapie is gevonden. Tenslotte wordt in dit 
hoofdstuk het referentiekader waarbinnen dit onderzoek plaatsvond 
geschetst. 
Hoofdstuk 2 ("de formatio hippocampi") betreft de structuur, 
connectiviteit, functie, geschiedenis, en neuropathologie (bij 
ZA) van de FH. In fylogenetisch opzicht is de FH een "oude" 
struktuur die in de fylogenese een aanzienlijke toename in 
grootte heeft ondergaan, hetgeen een belangrijke functionele 
betekenis bij de mens suggereert. Functioneel is de FH 
waarschijnlijk betrokken bij de consolidatie van het geheugen. 
Hierbij wordt aangetekend dat deze struktuur niet de plaats is 
waar het geheugen wordt opgeslagen, maar eerder een 
mtegratiecentrum is waarin binnenkomende informatie van 
verschillende modaliteiten wordt verwerkt, informatie die 
hoofdzakelijk binnenkomt uit de verschillende neocorticale 
multimodale associatiegebieden. Het hoofdkenmerk van de 
extrinsieke verbindingen van de FH is namelijk dat deze 
"uitwaaieren" over de corticale mantel, waarbij het naast de 
hippocampus gelegen parahippocampale cortex fungeert als een 
tussenschakeling. Het hoofdkenmerk van het intrahippocampale 
circuit is een multisynaptische keten die begint en eindigt in de 
entorhinale schors, en die de verschillende hippocampale 
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subgebieden doorkruist. Uit het overzicht van de neuropathologie 
die bij ZA gevonden wordt in de FH, blijkt dat de hippocampus 
reeds in een vroeg stadium van de ziekte is aangedaan, en dat ZA, 
op grond van het hoofdsymptoom van de ziekte - de 
geheugenstoornis - soms wordt aangeduid als "een hippocampale 
dementie". 
In hoofdstuk 3 ("materiaal en methoden") worden de gebruikte 
histologische, morfometrische en stereologische methodieken 
beschreven. Kort gezegd werden equidistante coupes, loodrecht op 
de lengteas van de hippocampus systematisch bestudeerd. Het 
sleutelbegrip in dit hoofdstuk is "systematic random sampling 
with a random start", een methode die theoretisch en 
experimenteel te verkiezen is boven andere samplingmethodieken. 
Voorts wordt een methode beschreven waarbij het neuronenverlies 
bij ZA kan worden uitgedrukt in absolute getallen. Hierbij worden 
zowel de afname van de dichtheid van neuronen als de afname van 
het volume van het weefsel waarin deze neuronen zich bevinden, 
verdisconteerd. 
Hoofdstuk 4 ("results") bevat de resultaten van dit 
onderzoek. Voor wat betreft de senile plaques kon een statistisch 
significant verschil worden aangetoond tussen de dichtheid van 
SP's bij ZA, vergeleken met de dichtheid die bij de controles 
werd gevonden. Ook kon aangetoond worden dat de SP dichtheid in 
de parahippocampal scorsgebieden (t.w. de entorhinale- en de 
perirhinale schors) hoger is dan die in de hippocampale 
subgebieden. In de verschillende hippocampale subgebieden was de 
dichtheid van SP's het hoogst in de fascia dentata, CAI, CAI' en 
het subiculum. Voorts werd gevonden dat de dichtheid van SP's in 
het rostrale gedeelte van de hippocampus groter was dan in het 
caudale gedeelte, hoewel hierin geen statistische significantie 
werd bereikt. 
De dichtheid van NFT's bij ZA was +150 hoger dan bij de 
controles. De NFT dichtheid bij ZA was in de hippocampus hoger 
dan in de parahippocampale schorsgebieden, waarvan in de 
entorhinale cortex de dichtheid hoger was dan in de perirhinale 
cortex. In de entorhinale cortex was een opvallende ophoping te 
zien van NFT's in de stercellenlaag en de pyramidale laag, 
respectievelijk de oorsprong en de eindzone van de "entorhinale-
hippocampale loop". Binnen de hippocampus werden NFT's 
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hoofdzakelijk aangetroffen in CAI, CAI', en het mediale gedeeelte 
ven het subiculum ("prosubiculum"). Voor de totale hippocampus 
kon een statistisch significante rostrocaudale gradient worden 
aangetoond. Als CAI' als een rostrale voortzetting wordt gezien 
van CAI, dan is deze gradiënt ook significant voor het CAI 
gebied. Deze bevinding is tegengesteld aan die in eerdere 
studies. De verklaring hiervoor is simpel: in deze studies is het 
meest rostrale gedeelte van de hippocampus ("pes hippocampi" niet 
bestudeerd. 
Voor wat betreft het neuronenverlies, kon een significante 
afname van de dichtheid worden aangetoond in het CAI gebied 
(43%), en in de totale hippocampus (24%). De andere subgebieden 
van de hippocampus vertoonden een niet significante afname van de 
neuronale densiteit. Als ook de afname van weefselvolume bij ZA 
in beschouwing wordt genomen, neemt het neuronenverlies 
(uitgedrukt in absolute getallen) dramatisch toe: 72% in het CAI 
gebied, 54% in de totale hippocampus, en 32% in СЛ4, CA2/3 en het 
subiculum (statistisch significant). 
In hoofdstuk Ь ("algemene discussie") worden de resultaten 
besproken. Geconcludeerd wordt dat het gevonden 
distributiepatroon van de neuropathologische determinanten 
grotendeels overeenkomt met die in de reeds bestaande literatuur. 
Aan deze bestaande kennis kunnen op grond van de hier beschreven 
studie echter ook enige nieuw gevonden feiten worden toegevoegd.: 
Het feit dat, ten gevolge van de afname van het weefselvolume 
bij ZA, het neuronever lies in de hippocampus groter is dan tot nu 
toe werd aangenomen. 
-Het feit dat het rostrale gedeelte van de hippocampus een hogere 
dichtheid van NFT's vertoont dan het caudale gedeelte, terwijl 
voor wat betreft de SP's dezelfde»hoewel niet significante, 
trend bestond. 
-Het feit dat de hippocampo-amygdalaire verbindingen bij ZA 
selectief onderbroken worden. 
De resultaten worden geplaatst in het licht van de 
hippocampale verbindingen. De celspecifieke pathologie die bij ZA 
gevonden wordt, in deze zowel als in andere studies, veroorzaakt 
een effectieve de-efferentiatie en de-afferentiatie van de 
hippocampus, terwijl de intrahippocampale neuronenketen 
grotendeels is onderbroken door de ernstige beschadiging van het 
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CAI gebied. Deze isolatie van de hippocampus van zijn omgeving, 
samen met de intrahippocampale beschadiging, is waarschijnlijk 
het anatomische substraat voor de geheugenstoornis in ZA, het 
kernsymptoom gedurende het verloop van de ziekte. De specifieke 
betrokkenheid van de hippocampo-amygdalaire verbindingen, en de 
voorkeur van de neuropathologische determinanten voor de rostrale 
hippocampus zouden kunnen wijzen op een specifieke disseminatie 
van de ziekte door bepaalde, neuroanatomisch gedefinieerde 
verbindingen, namelijk de olfactoire banen. Ten slotte worden de 
argumenten tegen deze hypothese belicht. Geconcludeerd wordt dat 
de argumenten tegen deze hypothese sterker zijn dan die ervoor, 
alhoewel nog geen doorslaggevend bewijs voor een van de genoemde 
hypothesen is gevonden. Wat wél zeker lijkt, is dat ZA begint in 
de hersenschors, bijvoorbeeld de FH, en dat de degeneratie van de 
subcorticale structuren secundair is. 
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Stellingen, behorende bij het proefschrift 
THE HIPPOCAMPAL FORMATION IN NORMAL AGING TUTO ALZHEIMER'S DISEASE 
A MORPHOMETRIC STUDY 
1) De bewering van Ball (1977) dat het caudale gedeelte van de 
hippocampus bij de ziekte van Alzheimer meer is aangedaan dan het 
rostrale gedeelte voor wat betreft de aanwezigheid van 
neurofibnllaire tangles berust op het feit dat ïiij het rostrale 
gedeelte niet heeft onderzocht. 
Ball, M.J. , Acta neuroppLth. 37 (1977): 111-118 
2) Het rostrale gedeelte van de hippocampus is bij de kiekte van 
Alzheimer voor wat betreft de aanwezigheid van neurofibnllaire 
tangles meer aangedaan dan het caudale gedeelte. 
Dit proefschrift 
3) Bi] de ziekte van Alzheimer neemt het totale volume van de 
hippocampus af. 
Seab, J.P. et al. Magnetic resonance m medicine 
8 (1988). 200-208. 
Dit proefschrift 
4) Als men de afname van het volume van de hippocampus bi] de 
ziekte van Alzheimer verdisconteert m de berekening van totale 
celaantallen, dan is het percentage celverlies hoger dan wanneer 
alleen afname m celdensiteit wordt berekend. 
Dit proefschrift 
5) Belangrijke obstakels bij het gebruik van kwantitatieve 
morfometrische methoden zijn de moeilijkheidsgraad, de saaiheid, 
en de menselijke feilbaarheid die gepaard gaan met de analyse van 
de grote weefselmonsters die nodig zijn om tot statistisch 
verantwoorde conclusies te komen. 
Curcio, C A . et al. Anat. Ree. 214 (1986): 329-33/ 
6) Het zou de wetenschap ten goede komen als in wetenschappelijke 
discussies, naast het mhoudsaspect, het betrekkingsaspect van de 
communicatie beter onderkend zou worden. 
Eigen observatie 
7) Stofwisselen is zuurstof omzetten m zweet en energie. 
G. Knetemann, ex-wielrenner 
8) Psychische stoornissen zijn vooral stoornissen in de vorm, 
niet m de inhoud. 
С. Rumke 
9) Het schrijven van een proefschrift binnen twee jaar kan 
predisponeren voor een langdurige bemoeienis met de psychiatrie. 
Eigen ondervinding 
10) Waarover men niet kan spreken, daarover moet men zwijgen. 
L. Wittgenstein 
Nijmegen, ?1 februari 1990. 
